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1. INTRODUCTION 

With t h e  use o f  composite ( n o n - m e t a l l i c )  m a t e r i a l s  and 
i i i i c r o e l e c t r o n i c s  becoming more p r e v a l e n t  i n  t h e  c o n s t r u c t i o n  o f  both 
m i  I i t a r y  and commerci a1 a i  r c r a f t ,  t h e  c o n t r o l  systems have become more 
s u s c e p t i b l e  t o  damage o r  f a i l u r e  f rom e lec t romagnet ic  t r a n s i e n t s .  One 
source o f  such t r a n s i e n t s  i s  t h e  l i g h t n i n g  discharge. I n  o r d e r  t o  
s tudy t h e  e f f e c t s  o f  t h e  l i g h t n i n g  d ischarge on t h e  v i t a l  components 
o f  an a i r c r a f t ,  NASA Langley Research Center undertook a Storm Hazards 
Program i n  which a s p e c i a l l y  inst rumented F106B j e t  a i r c r a f t  was f l o w n  
i n t o  a c t i v e  thunderstorms w i t h  t h e  i n t e n t i o n  o f  be ing  s t r u c k  by 
l i g h t n i n g .  
c a p a b i l i t y  o f  d e t e c t i n g  and a v o i d i n g  t h e  hazards associated w i t h  
severe stornis and improv ing des ign c a p a b i l i t i e s  t o  p r o t e c t  a i r c r a f t  
systems from unavoidable hazards. 

The o v e r a l l  purpose o f  t h e  program was t o  enhance t h e  

One o f  t h e  s p e c i f i c  purposes o f  t h e  program was t o  q u a n t i f y  t h e  
environmental  c o n d i t i o n s  which are  conducive t o  a i r c r a f t  l i g h t n i n g  
s t r i k e s .  
t i o n s  a t  a l t i t u d e s  ranging from 3.1 km up t o  12.2 km (temperatures 
f rom +5"C t o  -55°C) and ob ta ined a t  l e a s t  690 d i r e c t  s t r i k e s  t o  t h e  
a i r f r a m e  ( F i s h e r  -- e t  al. ,  1986). 
a l t i t u d e s  i n  excess o f  6 km and temperatures c o l d e r  than - 2 O O C .  Thus, 
a good da ta  base was e s t a b l i s h e d  f o r  t h e  study of l i g h t n i n g  i n t e r -  
a c t i o n  and environment a t  h i g h e r  ( c o l d e r )  a l t i t u d e s  ( temperatures) .  
Ana lys is  o f  these da ta  has shown t h a t  t h e  g r e a t e s t  r i s k  o f  a l i g h t n i n g  
s t r i k e  t o  an a i r p l a n e  occurs a t  a l t i t u d e s  between 11 and 11.6 km 
(-40 t o  -45°C) where tu rbu lence and p r e c i p i t a t i o n  i n t e n s i t i e s  were 
c l a s s i f i e d  as  l i g h t  ( F i s h e r  and Plumer, 1984). Analys is  o f  UHF r a d a r  
observa t ions  made d u r i n g  f l i g h t  opera t ions  has i n d i c a t e d  t h a t  these 
h i g h  a l t i t u d e  l i g h t n i n g  s t r i k e s  were t r i g g e r e d  by t h e  a i r c r a f t  
(Mazur e t  a1 ., 1984). 

To t h i s  end, t h e  F106 made over  1400 thunderstorm penetra-  

Most o f  t h e  s t r i k e s  occurred a t  

-- 

The r e s u l t s  from t h e  Storm Hazards Program are  i n  c o n f l i c t  w i t h  
coinpi 1 a t  i o n s  of data concern ing i n a d v e r t e n t  1 i g h t n i  ng s t r i k e s  t o  
a i r c r a f t  which show t h a t  most repor ted  s t r i k e s  occur i n  t h e  v i c i n i t y  
o f  4.5 km a l t i t u d e ,  which has been very near t h e  f r e e z i n g  l e v e l .  
F i s h e r  and Plumer (1984) a l s o  s t a t e  t h a t  t h e  na ture  o f  t h e  h i g h  a l t i -  
t u d e  l i g h t n i n g  s t r i k e s  encountered ( t r i g g e r e d )  by t h e  F106 have been 
g e n e r a l l y  o f  a low ampl i tude c u r r e n t  nature,  c o n s i s t e n t  w i t h  t h e  known 
c h a r a c t e r i s t i c s  o f  i n t r a c l o u d  l i g h t n i n g  d ischarges (a l though some o f  
t h e  t ime- reso lved c h a r a c t e r i s t i c s  appear t o  be d i f f e r e n t  than a n t i c i -  
pated) .  The need f o r  a l a r g e r  da ta  base f o r  t h e  a n a l y s i s  o f  l i g h t n i n g  
s t r i k e  c h a r a c t e r i s t i c s  a t  lower  a l t i t u d e s  where these c h a r a c t e r i s t i c s  
a r e  a n t i c i p a t e d  t o  be somewhat d i f f e r e n t  became ev ident .  The pr imary  
d i  f f i  c u l  t y  d u r i  ng t h e  F106 program was t h e  p a u c i t y  o f  l i g h t n i n g  
s t r i k e s  a t  a l t i t u d e s  below 6 km. Through 1985, o n l y  75 d i r e c t  s t r i k e s  
t o  t h e  a i r c r a f t  were recorded below 6 km, 11% o f  t h e  t o t a l ,  w i t h  41 
o f  these 75 o c c u r r i n g  i n  t h e  1985 f i e l d  season alone. 
o f  these s t r i k e s  occurred i n  t h e  a l t i t u d e  range from 4.3 t o  6 km 
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( temperatures c o l d e r  than OOC) and were apparent ly  t r i g g e r e d  by 
t h e  a i r c r a f t  (a deduc t ion  based on t h e  on-board sensors and 
UHF-band rddar  data).  

Given t h e  need o f  o b t a i n i n g  a b e t t e r  data base on lower a l t i t u d e  
l i y h t n i n y  s t r i k e s ,  an e f f o r t  was undertaken t o  determine p o s s i b l e  
methods o f  d i r e c t i n g  t h e  F106 i n t o  lower a l t i t u d e  regions o f  thunder- 
storins where t h e  p r o b a b i l i t y  o f  a l i g h t n i n g  s t r i k e  would be maximized. 
Th is  e f f o r t  i n v o l v e d  t h e  work o f  two o rgan iza t i ons ,  t h e  I n s t i t u t e  o f  
Atmospheric Sciences ( IAS) a t  t h e  South Dakota School o f  Mines and 
Techno1 oyy and E l e c t  r o  Magnet i c Appl i ca t ions ,  Inc.  (EMA) o f  Denver, 
Colorado. As t h e  p r o j e c t  evolved, a d d i t i o n a l  i n t e r e s t s  arose i n  t h e  
t r i g g e r i n g  capac i t y  o f  t h e  a i r c r a f t  and what e f f e c t  i n - c l o u d  env i ron-  
mental c h a r a c t e r i s t i c s  had on t h e  t r i g g e r i n g  phenomenon. Also, t h e  
c h a r a c t e r i s t i c s  o f  t h e  l i g h t n i n g  d ischarge i t s e l f  and i t s  i n t e r a c t i o n  
w i th  t h e  storm envi  roninent were i n v e s t i g a t e d .  This  r e p o r t  summarizes 
t h e  r e s u l t s  o f  t h i s  s c i e n t i f i c  i n v e s t i g a t i o n  d u r i n g  i t s  fund ing  p e r i o d  
f rom 15 March 1984 th rough 14 June 1987. 
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2. OBJECTIVES 

The o b j e c t i v e s  o f  t h i s  research program i n v o l v e d  t h e  use o f  t h e  
I A S  two-dimensional ,  Storm E l e c t r i f i c a t i o n  Model (SEM) t o  s i m u l a t e  t h e  
thunderstorm environment i n  which t h e  F106 was opera t ing .  The r e s u l t s  
o f  t h e  model s i m u l a t i o n s  were i n i t i a l l y  used i n  two ways. 
use o f  t h e  model r e s u l t s  was t o  p r o v i d e  EMA w i t h  da ta  on t h e  t i m e  
e v o l u t i o n  and s p a t i a l  p a t t e r n s  o f  t h e  e l e c t r i c  f i e l d s ,  smal l  i o n  con- 
c e n t r a t i o n s ,  e l e c t r i c  charges on c loud and p r e c i p i t a t i o n  p a r t i c l e s ,  
and t h e  t o t a l  charge p a t t e r n s  i n  t h e  s imu la ted  cloud. EMA personnel 
t h e n  used these data as i n i t i a l  and boundary values i n  t h e i r  model ing 
s t u d i e s  o f  t h e  a i r c r a f t  l i g h t n i n g  environment. 

The f i r s t  

The main use o f  t h e  IAS model s i m u l a t i o n s  was t o  analyze t h e  
r e s u l t s  w i t h  an emphasis on l o o k i n g  f o r  r e l a t i o n s h i p s  between t h e  
e l e c t r i c a l  s t r u c t u r e  o f  t h e  storm and t h e  b a s i c  c loud s t r u c t u r e .  The 
i n t e n t  o f  t h i s  a n a l y s i s  was t o  determine what observable charac ter -  
i s t i c s  o f  t h e  c loud c o r r e l a t e d  w i t h  s t r o n g  e l e c t r i c  f i e l d  reg ions  a t  
lower  a l t i t u d e s  i n  t h e  hope o f  d e v i s i n g  a scheme f o r  v e c t o r i n g  t h e  
F106 i n t o  such reg ions t o  inc rease t h e  l i g h t n i n g  s t r i k e  p r o b a b i l i t y .  

An a d d i t i o n a l  o b j e c t i v e  o f  t h e  research e f f o r t  was t o  develop a 
l i g h t n i n g  p a r a m e t e r i z a t i o n  scheme f o r  i n c o r p o r a t i o n  i n t o  t h e  SEM. The 
SEM, i n  i t s  o r i g i n a l  c o n f i g u r a t i o n ,  was o n l y  capable o f  s i m u l a t i n g  t h e  
development o f  t h e  e l e c t r i c a l  aspects o f  a thunderstorm up t o  t h e  t i m e  
o f  f i r s t  l i g h t n i n g .  Wi thout  a scheme f o r  s i m u l a t i n g  l i g h t n i n g ,  t h e  
b u i l d u p  o f  t h e  e l e c t r i c  f i e l d s  and charges would cont inue w i t h o u t  
l i m i t ,  redching u n r e a l i s t i c  values and causing t h e  s i m u l a t i o n  t o  
t e r m i n a t e  because o f  t h e  necess i ty  o f  reducing t h e  model t i m e  s tep  i n  
o r d e r  t o  m a i n t a i n  numerical  s t a b i l i t y  o f  t h e  e l e c t r i c a l  t r a n s p o r t  
equat ions i n  these h i g h  e l e c t r i c  f i e l d s .  I n  nature,  t h e  e l e c t r i c a l  
s t resses  t h a t  b u i l d  up as the  charge separa t ion  processes proceed, and 
t h e  e l e c t r i c  f i e l d  increases,  are r e l i e v e d  by t h e  charge t r a n s f e r  t h a t  
accompanies t h e  l i g h t n i n g  discharge. It was f e l t  t h a t  an analogue t o  
t h e  l i g h t n i n g  d ischarge needed t o  be i n c o r p o r a t e d  i n  t h e  model i n  
o r d e r  t o  accompl ish t h e  charge t r a n s f e r  and r e l i e f  o f  e l e c t r i c  s t r e s s  
so t h a t  s i m u l a t i o n s  cou ld  cont inue i n t o  t h e  mature and decaying stages 
o f  thunderstorm e v o l u t i o n .  Only i n  t h i s  fash ion  cou ld  t h e  complete 
e v o l u t i o n  o f  a thunderstorm be s t u d i e d  dynamical ly ,  m i c r o p h y s i c a l l y ,  
and e l e c t r i c a l l y .  

I n  the  f o l l o w i n g  sec t ions ,  t h e  model w i l l  be descr ibed i n  d e t a i l  
and t h e  r e s u l t s  o f  t h e  var ious  model experiments w i l l  be descr ibed. 
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3. MODEL DESCRIPTION 

3.1 The Base Model - -- 
The t h e o r e t  i c a l  f rainework i s  a deep-convect i on, s l  ab-symmet r i  c, 

two-dimensional, time-dependent (ZDTD)  c l o u d  model which has been 
a p p l i e d  i n  t h e  pas t  t o  severa l  atmospher ic convec t ive  s i t u a t i o n s .  
Atmospheric wind, p o t e n t i a l  temperature,  water  vapor, c loud l i q u i d  and 
i c e ,  r a i n ,  snow, and g r a u p e l / h a i l  ( i n  t h e  form of i c e  p e l l e t s ,  f r o z e n  
r a i n ,  graupel ,  and smal l  h a i l )  a r e  t h e  main dependent var iab les .  The 
model has been developed from t h e  works of O r v i  1 l e  (1965), L i u  and 
O r v i l l e  (1969), Wisner -- e t  a l .  (1972), O r v i l l e  and Kopp (1977), and L i n  
-- e t  a l .  (1983). 
extend t h e  model t o  deep convect ion.  

A dens i ty -we igh ted  stream f u n c t i o n  has been used t o  

The n o n l i n e a r  p a r t i a l  d i f f e r e n t i a l  equat ions c o n s t i t u t i n g  t h e  base 
model i n c l u d e  t h e  f i r s t  and t h i r d  equat ions o f  mot ion ( f r o m  which a 
v o r t i c i t y  equat ion  i s  d e r i v e d ) ,  a thermodynamic equat ion,  and water 
conserva t ion  equat ions ( f o r  t h e  t h r e e  phases). The model has been 
designed such t h a t  mesoscale converyence can be superimposed i n  t h e  
lower  l e v e l s  and d ivergence i n  t h e  upper l e v e l s .  The manner i n  which 
such converyence i s  a p p l i e d  t o  t h e  model and f u r t h e r  d e t a i l s  o f  t h e  
hydrodynamic equat ions can be found i n  Chen and O r v i l l e  (1980). 

The bulk-water  p a r a m e t e r i z a t i o n  used i n  t h i s  model d i v i d e s  water  
and i c e  hydrometeors i n t o  f i v e  c lasses:  c l o u d  water, c loud i c e ,  r a i n ,  
snow, and h i g h  d e n s i t y  p r e c i p i t a t i n g  i c e  ( g r a u p e l / h a i l )  w i t h  exponen- 
t i a l  s i z e  d i s t r i b u t i o n s  hypothes ized f o r  t h e  t h r e e  p r e c i p i t a t i n g  
c lasses.  F i g u r e  1 w i t h  an accompanying key i n  Table 1 shows t h e  p r i -  
mary c loud mic rophys ica l  processes s imu la ted  i n  t h e  model. B r i e f l y ,  
t h e  p r o d u c t i o n  o f  r a i n  f rom c l o u d  water  i s  s imu la ted  u s i n g  equat ions 
based on t h e  works o f  Kess le r  (1969) and B e r r y  (1968). Graupe l /ha i l  
i s  generated by t h e  aggregat ion  o f  snow, by t h e  capture  o f  snow o r  
c l o u d  i c e  by ra indrops  ( c o n t a c t  f r e e z i n g ) ,  o r  by t h e  p r o b a b i l i s t i c  
f r e e z i n g  of ra indrops  (Higg, 1953) due t o  t h e  i n h e r e n t  i c e  n u c l e i  
con ten t  of a s p e c i f i c  volume of water  a t  s u i t a b l y  c o l d  temperatures. 
An approx imat ion t o  t h e  Beryeron-Findeisen process i s  used t o  t r a n s -  
form some of t h e  c loud water  t o  snow. Growth o f  h a i l  i s  governed by 
equat ions f o r  wet and d r y  growth (Mus i l ,  1970) and shedding o f  r a i n  
f ro in  h a i l  i s  inc luded.  Cloud water  may be t ransformed t o  c l o u d  i c e  
i n  t h e  reg ion  between 0°C and -40°C u s i n g  an equat ion  developed by 
Saunders (1957). Natura l  c l o u d  i c e  i s  normal ly  i n i t i a t e d  a t  tempera- 
t u r e s  o f  -20°C and co lder ,  u s i n g  an equat ion  a f t e r  F l e t c h e r  (1962) f o r  
t h e  number o f  n a t u r a l  i c e  n u c l e i  a c t i v e .  Homogeneous f r e e z i n g  occurs 
a t  - 4 O O C .  
var ious  forms o f  l i q u i d  and s o l i d  hydrometeors a re  s imulated. 

Accret  i o n a l  processes ( i  n c l  u d i  ng r i m i  ng)  i nvo l  v i  ng t h e  

Rain, snow, and graupel /ha i  1 have apprec i  ab1 e t e r m i n a l  f a 1  1 
v e l o c i t i e s ,  w h i l e  c loud water  and c loud i c e  have zero t e r m i n a l  v e l o c i t y  
and, hence, f o l l o w  t h e  a i r f l o w .  Evaporat ion o f  a l l  forms o f  hydrometeors 
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TABLE 1 

Key t o  Figure 1 

Symbol 

'IHLT 

pIDw 

PIHW 

pIAcR 

PIMI 

pluuT 

pRAcw 

'REW 

psAcI 

pSFW 

'SAm 

'SF1 

'SDEP 

'SSUB 

PSMLT 

pGAvr 

'GFR 

PCMI 

P W R  

pcAcs 

'GULT 

'CACW 

'GSUB 

'GWET 

Weaning 

Melting of cloud ice t o  fom cloud water, T 2 To. 

Depositional growth of cloud i c e  a t  expense of cloud water. 

Homogeneous freezing of cloud water t o  form cloud ice. 

Accretion of r a i n  by cloud ice;  produces snow or graupel depending on the  m u n t  
of rain.  

Accretion of cloud Ice by rqin; produces snow o r  graupel depending on the munt 
of r a i n .  

Autoconversion o f  cloud water t o  foxm rain.  

Accretion of cloud water by rain.  

Evaporation of rain.  

Accretion of snow by rain;  produces graupel i f  r a in  o r  snow exceeds threshold 
and T < To. 

Accretion of cloud water by snow; produces snow if T < TO or r a in  if T 2 To. 
Also enhances snow melting for  T :TO. 

Accretion of r a i n  by snow. 
threshold; i f  not, produces snow. 
melt iny . 

For T < To, produces graupel if r8in O r  Snow SrCedS 
For T,TO, t he  accretsd water enhances snow 

Accretion of cloud Ice by snow. 

Autoconversion (aggregation) o f  cloud i c e  t o  form snow. 

Bergeron process (deposition and riming) - t ransfer  of cloud water t o  form mow. 

Transfer r a t e  of cloud i ce  t o  snow through growth o f  Bergeron process e.br).oS. 

Depositional growth of snow. 

Sublimation of snow. 

Melting of snow t o  form rain,  T :To. 

Autoconversion (aggregation) of snow t o  form graupel. 

Probabilist ic freezing of r a in  t o  fora  graupel. 

Accretion of cloud water by graupel. 

Accretion of cloud Ice by graupel. 

Accretion of r a i n  by graupel. 

Accretion of snow by graupel. 

Sublippt ion of graupe 1. 

Melting of graupel t o  f o m  rain,  T 2 To. 
be shed as rain.) 

(In this regime, PcAins is 8 ~ 8 r w d  t o  

Wet growth of graupel; may involve P and P urd Dust include P or 
P 
r%'! 

, o r  both. The amount of Paa%@ch is %*8ble t o  freeze is sp#to 
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t 1, )1 WATER VAPOR I; 
I I -  

t T 1 

SWLT 
CLOUD CLOUD 
WATER SOW SHOW 

\ I 
c a 

n! 
1 
L 

1 

PRECIPITATION ON GROUND 

F i g .  1: Cloud phys ics  processes s imu la ted  i n  t h e  model. See 
Table-1 f o r  an exp lana t ion  o f  t h e  symbols. 
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and t h e  m e l t i n g  o f  snow and g r a u p e l / h a i l  a re  a l s o  s imulated. For  a 
more d e t a i l e d  d iscuss ion  o f  t h i s  base model, t h e  reader i s  r e f e r r e d  
p a r t i c u l a r l y  t o  O r v i l l e  and Kopp (1977) and L i n  -- e t  a l .  (1983). 

3.2 The E l e c t r i c a l  -- Model 

T h i s  base model has been m o d i f i e d  t o  i n c l u d e  var ious  processes 
i nvol  ved i n thunderc loud e l e c t  r i  f i c a t  i on. These modi f i c a t i  ons 
i n v o l v e d  t h e  c o u p l i n g  o f  t h e  e l e c t r o - m i c r o p h y s i c a l  processes which 
account f o r  t h e  charye exchange between i n t e r a c t i n g  p a r t i c l e s  w i t h i n  
t h e  c l o u d  domain. The means o f  c o u p l i n g  t h e  e lec t ro -mic rophys ics  t o  
t h e  dynamics and microphys ics o f  t h e  base model a r e  based on ideas 
f rom Chiu (1978), Helsdon (1980), and K u e t t n e r  -- e t  a l .  (1981). 
o f  t h e  f i v e  c lasses o f  hydrometeors i s  a l lowed t o  have a charge asso- 
c i a t e d  w i t h  it. Th is  charge i s  then t r a n s p o r t e d  w i t h  t h e  species o f  
hydroineteor accord ing  t o  t h e  general equat ion  

- 

Each 

where Q represents  t h e  charge d e n s i t y  ( C  m-3) c a r r i e d  by 
hydrometeor c l a s s  ( p o s i t i v e  o r  n e g a t i v e ) ,  0 i s  t h e  20 ve 
pa i s  t h e  a i r  dens i ty ,  U t  i s  t h e  mass-weighted mean term 
speed o f  t h e  hydrometeor c lass ,  Km i s  t h e  n o n l i n e a r  eddy 
and ( t i Q / s t ) i  n t e r  represents  t h e  charge exchanged between 
hydrometeors due t o  i n t e r a c t i o n s .  The f i r s t  te rm on t h e  
advec t ion  term, t h e  second i s  t h e  f a l l o u t  t e r m  (zero  f o r  
and c loud i c e  charge, which are  assumed t o  move w i t h  t h e  
and t h e  t h i r d  i s  t h e  eddy m i x i n g  term. The l a s t  term i n  
d iscussed below. 

we1 
i s  

an 
a t  
- 

t h e  
o c i  t y  vector ,  
n a l  f a l l  
c o e f f  i c i  e n t  
c lasses o f  
r i g h t  i s  t h e  
c loud water  
a i r f l o w ) ,  
( 1 )  w i l l  be 

The model framework accounts f o r  t h e  presence o f  smal l  i o n s  as . The equat ion  governing t h e  number c o n c e n t r a t i o n  o f  smal l  i o n s  

Here n1,2 i s  t h e  c o n c e n t r a t i o n  o f  smal l  i o n s  ( t h e  s u b s c r i p t  1 
r e p r e s e n t i n g  p o s i t i v e  ions  and 2 t h e  negat ive  i o n  ) ;  

f i e l d  vec tor ;  G i s  t h e  i o n  genera t ion  r a t e  due t o  cosmic ray i o n i z a -  
t i o n  ( i o n s  111-3 sec-1, dependent on h e i g h t ) ;  a i s  t h e  i o n - i o n  recorn- 
b i n a t i o n  c o e f f i c i e n t  (1.6 x m3 s e c - l ) ;  Src i s  t h e  source t e r m  
f o r  sinal1 i o n s  f rom processes o t h e r  than cosmic ray i o n i z a t i o n ;  and 
Sink i s  t h e  s ink  te rm f o r  s m a l l  i o n s  f rom processes o t h e r  than recorn- 
b i n a t i o n .  An example of a source process f o r  smal l  i o n s  would be t h e  

i s  t h e  smal l  
i o n  inobi 1 i t y  (m2 V1  sec-1, pressure dependent) ; i! i s  t h e  2D e l e c t r i c  . 
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evapora t i on  o f  a charged hydrometeor, w h i l e  a s i n k  process would be 
Wilson capture  ( i o n  attachment t o  hydrometeors). 

Wi th  t h e  va r ious  types o f  charges accounted f o r  i n  t h e  model, a 
t o t a l  charge d e n s i t y  can be diagnosed a t  each g r i d  p o i n t  f rom 

where p i s  t h e  t o t a l  charge d e n s i t y  ( C  m-3) and e i s  t h e  e l e c t r o n i c  
charge (1.6 x 10-19 C). 
t o  t h e  d i f f e r e n c e  i n  smal l  i o n  concen t ra t i ons  and t h e  l a s t  te rm repre-  
sents  t h e  n e t  charge on t h e  f i v e  c lasses  o f  hydrometeors. With t h e  
n e t  charge determined, we then  use Poisson's equat ion  

The f i r s t  te rm represents  t h e  ne t  charge due 

t o  determine t h e  s c a l a r  e l e c t r i c  p o t e n t i a l ,  4 ( V o l t s ) .  
t h e  e l e c t r i c a l  p e r m i t t i v i t y  o f  a i r  (8.86 x 10-12 kg-1 m-2 sec* C2). 
F i n a l l y ,  t h e  2D e l e c t r i c  f i e l d  vec to r  can be determined from t h e  
p o t e n t i a l  v i a  Gauss's law 

I n  (4 ) ,  E: i s  

-* 
E = -v+ . (5) 

The l a s t  t e rm i n  (1) represents  t h e  charge exchanged between any 
two c lasses  o f  hydrometeors d u r i n g  an i n t e r a c t i o n  between those two 
classes. Such i n t e r a c t i o n s  may be a c c r e t i o n a l  o r  non-accre t iona l  i n  
na ture .  It should be noted t h a t ,  i n  such i n t e r a c t i o n s  as P i a c r  i n  
F ig .  1 (Tab le  l ) ,  where c loud i c e  i s  n u c l e a t i n g  r a i n  t o  form snow, 
t h e  charge on t h e  c loud  i c e  and r a i n  are summed and t h e  t o t a l  i s  
i n t r o d u c e d  i n t o  the  snow charge r e s u l t i n g  i n  a th ree  bodied type o f  
t r a n s f e r .  

I n  t h e  c o l l i s i o n a l  process where a f i n i t e  separa t i on  p r o b a b i l i t y  
e x i s t s ,  two types  o f  e l e c t r i c a l  i n t e r a c t i o n s  a re  poss ib le :  i n d u c t i v e  
processes, where t h e  ambient e l e c t r i c  f i e l d  s t r e n g t h  and i t s  o r i e n -  
t a t i o n  w i t h  respec t  t o  t h e  p a r t i c l e s  i n f l u e n c e  t h e  magnitude and s i g n  
o f  t h e  charge t r a n s f e r ;  and non- induc t ive  processes, where t h e  ambient 
f i e l d  e x e r t s  no i n f l u e n c e ,  but  such f a c t o r s  as temperature, l i q u i d  
water conten t ,  and impact speed determine t h e  charge t r a n s f e r .  The 
model has been con f igu red  t o  a l l o w  f o r  t h e  account ing  o f  both induc- 
t i  ve and non-i nduct i ve processes e i t h e r  i n d i v i d u a l  l y  o r  i n  concert .  
Th i s  i s  accomplished by s t a r t i n g  wi th  t h e  f o l l o w i n g  rep resen ta t i on  
o f  t h e  charge t r a n s f e r r e d  between two i n t e r a c t i n g  p a r t i c l e s ,  
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where AQ i s  t h e  charge t r a n s f e r r e d  due t o  any non- induc t i ve  process, 
y 1  i s  a d imensionless v a r i a b l e  whizh depends on t h e  r a t i o  o f  t h e  r a d i i  
o f  t h e  two i n t e r a c t i n g  p a r t i c l e s ,  rLS i s  t h e  vec to r  a long t h e  l i n e  
j o i n i n g  t h e  centers  o f  t h e  two p a r t i c l e s  a t  t h e  t ime  o f  impact, rs i s  
t h e  rad ius  o f  t h e  sma l le r  p a r t i c l e ,  qL (qs )  i s  t h e  charge a l ready  
e x i s t i n g  on t h e  l a r g e  ( s m a l l )  p a r t i c l e ,  and A (=1-B) i s  a dimensionless 
v a r i a b l e  which depends on t h e  r a d i u s  r a t i o  o f  t h e  two hydrometeors. 
The f i r s t  term, then, represents  t h e  non- induc t ive  charge t r a n s f e r ,  
w h i l e  t h e  second te rm represents  t h e  i n d u c t i v e  t r a n s f e r .  
terms account f o r  t h e  e f f e c t  o f  charge a l ready  r e s i d i n g  on t h e  hydro- 
meteors. Switches are used t o  a c t i v a t e / d e a c t i v a t e  e i t h e r  process. 

The l a s t  two 

A s i n g l e  l a r g e  hydrometeor may i n t e r a c t  w i t h  many sma l le r  
p a r t i c l e s  i n  a u n i t  t ime, so we i n t e g r a t e  over t h e  volume swept ou t  
by t h e  l a r g e  p a r t i c l e  

t o  
(7) 
i s  
s ma 

o b t a i n  t h e  charge acqu i red  p e r  u n i t  t i m e  by t h e  l a r g e  p a r t i c l e .  
, Ef i s  t h e  c o l l i s i o n  e f f i c i e n c y  between t h e  two p a r t i c l e s ,  
t h e  r e l a t i v e  impact speed, N, i s  t h e  number concen t ra t i on  o f  t h e  
i l l e r  p a r t i c l e s ,  Aq comes from (6), and S ( a )  i s  t h e  angle-dependent 

separa t i on  p r o b a b i l i t y .  The i n t e g r a t i o n  r e s u l t s  i n  t h r e e  p o s s i b l e  
cha rg ing  r a t e s  f o r  t h e  l a r g e r  hydrometeor depending on which charge 
t r a n s f e r  mechanisms are a c t i v e  

I n  

+ 
where c i  = E f  lvSLINsnrf<S> ( r L  b e i n g  t h e  r a d i u s  o f  t h e  l a r g e  
p a r t i c l e  and <S> i s  t h e  mean separa t i on  p r o b a b i l i t y )  and 

(-AQ non-i nduct i ve, 

i nduct i ve, 

+ +  2 
[4nsyl l iJcos(E,VsL)rS<coscr>-~Q combi ned . 

(9) 
' 
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Note t h a t  i n  (9 )  t h e r e  a re  two impor tan t  angles i n f l u e n c i n g  t h e  charge 
exchange: 1) t h e  angle between t h e  e l e c t r i c  f i e l d  v e c t o r  and r e l a t i v e  
v e l o c i t y  v e c t o r  of t h e  two p a r t i c l e s  [cos(?,~sL)] ;  and 2)  t h e  average 
c o l  1 i s i  on s o n t a c t  angle ( < C O S a > ) .  
q u a n t i t y  ]E I cos(? ,Ts~)  i s  adequately approximated by -Ez, t h e  
n e g a t i v e  of t h e  v e r t i c a l  e l e c t r i c  f i e l d  component. 

Since (8) i m p l i e s  t h a t  m u l t i p l e  charg ing  i n t e r a c t i o n s  are p o s s i b l e  
f o r  a p r e c i p i t a t i n g  hydrometeor pe r  u n i t  t i m e  o f  f a l l ,  and s i n c e  t h e  
charge on t h e  l a r g e  p a r t i c l e  appears on t h e  r i gh t -hand  s i d e  o f  t h e  
equat ion ,  i t  i s  no t  safe,  a p r i o r i ,  t o  assume t h a t  6qL/6t  i s  cons tan t  
over a g i ven  t ime  step. TT account f o r  t h i s ,  we i n t e g r a t e  (8) over  
t h e  l e n g t h  o f  a t ime  step, A t ,  t o  o b t a i n  t h e  charge t r a n s f e r r e d  t o  t h e  
l a r y e r  p a r t i c l e  assuming t h a t  a l l  q u a n t i t i e s  on t h e  r i gh t -hand  s i d e  
a r e  cons tan t  except qL. Th is  ma seem l i k e  a c o n t r a d i c t i o n  a t  f i r s t  

t i c l e s ,  qs ,  appear on t h e  r igh t -hand s i d e  and would seem t o  be s u b j e c t  
t o  t ime  v a r i a t i o n  as w e l l .  It i s  sa fe  t o  assume t h e  constancy of qs, 
s i n c e  i t  i s  h i g h l y  u n l i k e l y  t h a t  any one c loud  d r o p l e t  o r  i c e  c r y s t a l  
w i l l  undergo more than  one non-accre t iona l  c o l l i s i o n  pe r  t i m e  step. 
I n  t h e  case o f  t h e  e l e c t r i c  f i e l d  s t reng th ,  i t  i s  a much more macro- 
scop ic  q u a n t i t y ,  be ing  determined by t h e  e n t i r e  charged volume o f  t h e  
c l o u d  and n o t  so s i g n i f i c a n t l y  by t h e  l o c a l  charge changes e x h i b i t e d  
by i n d i v i d u a l  p a r t i c l e s ,  a l though t h e  e f f e c t s  o f  l o c a l  volumes domi- 
nate.  I n  s p i t e  o f  t h i s ,  we do admit t h a t  t h e  f i e l d  can change r a p i d l y  
on a l o c a l  sca le ,  bu t  one o t h e r  f a c t o r  e x i s t s  t o  h e l p  s u b s t a n t i a t e  our 
l o c a l l y  steady assumption. This  i s  t h e  f a c t  t h a t  t h e  t i m e  s tep  i n  t h e  
model i s  dependent on t h e  e l e c t r i c  f i e l d  s t r e n g t h  th rough t h e  f i e l d ' s  
i n t e r a c t i o n  w i t h  t h e  smal l  i o n  f l u x  term. I n  o rde r  t o  m a i n t a i n  t h e  
s t a b i l i t y  of t h e  i o n  t r a n s p o r t  equat ions,  t h e  t ime  s tep  must be 
reduced as t h e  f i e l d  s t r e n g t h  increases. By t h e  t ime  t h e  e l e c t r i c  
f i e l d  has reached s i g n i f i c a n t  l e v e l s ,  t h e  t i m e  s t e p  has been reduced 
t o  values o f  one second o r  less.  
assumpti on w i t h  some confidence. 

C a r r y i n g  ou t  t h e  i n t e g r a t i o n  o f  (8) results i n  t h e  f o l l o w i n g  
express ion  f o r  t h e  charge accumulated by a p r e c i p i t a t i n g  hydrometeor 
d u r i n g  a t ime s tep  A t ,  

For a1 1 p r a c t i c a l  purposes , t h e  

' 

s i n c e  both t h e  e l e c t r i c  f i e l d ,  I t I, and t h e  charge on t h e  smal l  par-  

Thus, we apply t h e  steady f i e l d  

where qLo i s  t h e  i n i t i a l  charge on t h e  l a r g e  p a r t i c l e ,  and t h e  
parameters Qm and a re  g iven by 
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i n d u c t i v e ,  

and 

i 
i 
t 

- 
T 1  - 

F i n a l  l y  , t h e  charge accumulated by one p r e c i p i t a t i n g  hydrometeor 
s m u l t i p l i e d  by NL, t h e  number c o n c e n t r a t i o n  o f  t h e  l a r g e  p a r t i c l e s ,  
n o rder  t o  a r r i v e  a t  t h e  t o t a l  charge d e n s i t y  c rea ted  by i n t e r a c -  
ions,  which appears as p a r t  o f  t h e  l a s t  term i n  (1). The other'  

components of t h e  l a s t  term i n  ( 1 )  i n c l u d e  t h e  a c c r e t i o n a l  terms, 
evapora t iona l  processes, and i o n  attachment processes. Examples o f  
t h e  forinul a t i o n  o f  t h e  attachment and a c c r e t i o n a l  processes are  
a v a i l a b l e  i n  Chiu (1978) and Helsdon (1980). 

3.2.1 Charging processes 

A great  deal o f  l a b o r a t o r y  and t h e o r e t i c a l  work has been, and 
cont inues  t o  be done t o  i n v e s t i g a t e  p o s s i b l e  mechanisms o f  charge 
separa t ion .  A non-exhaust ive l i s t  o f  p o s s i b l e  mechanisms inc ludes :  
1 )  s e l e c t i v e  i o n  capture  (Wi lson, 1929); 2) convec t ive  charg ing  
(Vonneyut , 1955) ; 3) i n d u c t  i on c h a r y i  ng i nvo l  v i  ng non-accret  i onal  
c o l l i s i o n s  between var ious  c lasses o f  p a r t i c l e s  i n  t h e  e l e c t r i c  f i e l d  
( S a r t o r ,  1961, 1967, 1981; M u l l e r - H i l l e b r a n d ,  1954; Paluch and Sar to r ,  
1973) ;  4 )  e f f e c t s  of f r e e z i n g  p o t e n t i a l s  d u r i n g  wet growth o f  h a i l  o r  
s p l a s h i n y  c o l 1  i s i o n s  between graupel  and r a i n d r o p s  (Workman and 
Reynolds, 1948, 1950; Latham and Warwicker, 1980; Shewchuk and 
I r i b a r n e ,  1971); 5 )  non- induc t ive  charg ing  d u r i n g  t h e  r i m i n g  o f  
graupel  (Reynolds -- e t  a l . ,  1957; Buser and Aufdermaur, 1977; Takahashi, 
1978; Gaskel l  and I l l i n y w o r t h ,  1980; Jayaratne -- e t  al., 1983); 
6 )  r i i i i i n y  of yraupel  f o l l o w e d  by s p l i n t e r i n y  (Latham and Mason, 1961; 
H a l l e t t  and Saunders, 1979); and 7)  evapora t ive  charg ing  o f  i c e  
c r y s t a l s  i n  p e n e t r a t i v e  downdraf ts  ( T e l f o r d  and Wagner, 1979). It i s  
e n t i r e l y  p o s s i b l e  t h a t  a l l  o f  these mechanisms ( o r  some as y e t  
undiscovered mechanism) a r e  a c t i v e  t o  one degree o r  another  i n  var ious  
thunderstor i i i  s i t u a t i o n s .  However, i n  o r d e r  t o  min imize t h e  degree o f  
complex i ty  i n v o l v e d  i n  t h e  model ing work, i t  was necessary t o  l i m i t  
t h e  mechanisms i n c l u d e d  i n  t h e  model t o  a workable set .  

The b a s i c  charge separa t ion  mechanisms i n c l u d e d  w i t h i n  t h e  model 
can be broken down i n t o  f o u r  b a s i c  ca tegor ies :  

1 )  Graupel i n t e r a c t i n g  w i t h  p a r t i c l e s  i n  a d r y  growth mode. 

2 )  Graupel i n t e r a c t i n g  w i t h  p a r t i c l e s  i n  a wet growth mode. 
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3 )  
4 )  S m a l l  i o n s  i n t e r a c t i n g  w i t h  a l l  c lasses o f  hydrometeors. 

Rain i n t e r a c t i n g  w i t h  c loud drop le ts .  

. 

I .- 

W i t h i n  these var ious  ca tegor ies ,  t h e  two types  o f  e l e c t r i c a l  
i n t e r a c t i o n s  discussed above may be poss ib le ,  i.e., i n d u c t i v e  
and/or non- i  nduct i ve t r a n s f e r s .  

The i n d u c t i v e  water-water charge t r a n s f e r  i n t e r a c t i o n  i s  g e n e r a l l y  
b e l  i eved t o  be i n e f  f e c t  i ve i n produci  ng e l e c t  r i  f i c a t  i on t y p i c a l  o f  
thunderstorm c o n d i t i o n s  on i t s  own. Jennings (1975) has shown t h a t  
such a process i s  capable of producing e a r l y  e l e c t r i f i c a t i o n  i n  c louds 
w i t h  f i e l d s  up t o  30 kV/m be ing  poss ib le .  A f t e r  t h i s  t h r e s h o l d  i s  
reached, t h e  mechanism ex t ingu ishes  i t s e l f  due t o  t h e  presence o f  such 
a f i e l d  causing a l l  c o l l i s i o n s  t o  r e s u l t  i n  permanent coalescence. 
T h i s  ab i  1 i t y  t o  generate e a r l y  e l e c t r i f i c a t i o n  we1 1 below thunderstorm 
values, b u t  s i g n i f i c a n t l y  above t h e  background f a i r  weather f i e l d ,  may 
a f f e c t  t h e  na ture  o f  o t h e r  e l e c t r i f i c a t i o n  mechanisms which must awa i t  
t h e  f o r m a t i o n  o f  i c e  p a r t i c l e s  f o r  t h e i r  i n i t i a t i o n .  

The charge separa t ion  r e s u l t i n g  f rom t h e  i n t e r a c t i o n  o f  l i q u i d  
drops and i c e  p a r t i c l e s  may be o f  a non- induc t ive  o r  i n d u c t i v e  nature.  
K u e t t n e r  -- e t  a l .  (1981) have summarized t h e  cont roversy  regard ing  t h e  
a c t i o n  o f  a non- induct ive,  ice-water  charg ing  mechanism. They chose 
t o  i n c l u d e  such a process i n  t h e i  r model ( u s i n g  c o n s e r v a t i v e  values 
f o r  t h e  charge t r a n s f e r r e d  per  c o l l i s i o n )  based on t h e  l a c k  o f  conclu- 
s i v e  evidence f o r  e l i m i n a t i n g  t h e  mechanism and t h e  f a c t  t h a t  t h e  
r i m i n g  process i s  a w e l l  e s t a b l i s h e d  mic rophys ica l  phenomenon i n  
thunderc louds.  

The non- induc t ive ,  i c e - i c e  process i s  t h e  s u b j e c t  o f  as much 
cont roversy  as t h e  water - i  ce mechanism; however, t h e  cont roversy  does 
n o t  c e n t e r  around whether t h e  process i s  e f f e c t i v e ,  b u t  r a t h e r  e x a c t l y  
what p h y s i c a l  mechanism i s  respons ib le  f o r  t h e  charge exchange and, t o  
a l e s s e r  deyree, t h e  magnitude o f  t h e  charge t r a n s f e r r e d .  Resu l ts  
have been summarized and assessed by Gross (1982). 

The i nduct i ve mechani sms i nvo l  v i  ng water - i  ce and i ce- i  ce 
i n t e r a c t i o n s  have been argued as be ing  i n e f f e c t i v e  i n  n a t u r e  because 
o n l y  g r a z i  ng c o l  1 i s i  ons near t h e  e l e c t r i c a l  equator  r e s u l t  i n  separa- 
t i o n  o f  p a r t i c l e s  and charge i n  t h e  ice-water  case, and because o f  a 
r e l a x a t i o n  t i m e  l i m i t a t i o n  on charge m i g r a t i o n  i n  t h e  i c e - i c e  case. 
I n  t h e  ice-water  case, i t  i s  t r u e  t h a t  g r a z i n g  c o l l i s i o n s  w i l l  r e s u l t  
i n  minimal charge separat ion;  however, S a r t o r  (1981) has shown t h a t ,  
due t o  t h e  s u r f a c e  roughness o f  graupel  p a r t i c l e s ,  c loud d r o p l e t s  can 
bounce o f f  of such rough p a r t i c l e s  f rom almost any impact angle 
n e g a t i n g  t h e  above r e s t r i c t i o n .  I n  a d d i t i o n ,  t h e  r e s u l t s  o f  Tzur 
and L e v i n  (1981) and K u e t t n e r  -- e t  a l .  (1981) have i n d i c a t e d  t h a t  t h e  
combinat ion of i n d u c t i v e  and non- induc t ive  mechanisms i n v o l v i n g  t h e  
i c e  phase y i e l d  t h e  most r e a l i s t i c  r e s u l t s .  
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With t h i s  d iscuss ion  i n  mind and r e f e r r i n g  t o  Fig.  1 and Table 1 
f o r  the i n t e r a c t i o n s  l i s t e d  below, t h e  model i n  i t s  present con- 
f i g u r a t i o n  can account f o r  both i n d u c t i v e  and non- induc t ive  charge 
t r a n s f e r s  when r a i n  (Pgacr) ,  c loud i c e  (Pgaci ) ,  and snow (Pgacs) 
i n t e r a c t  w i t h  graupel  i n  category (1). I n  category (Z), graupel  can 
i n t e r a c t  w i t h  r a i n  and c loud water (Pgacr and Pgac through Pgwet) 
w i t h  t h e  r e s u l t  t h a t  excess water i s  shed as r a i n  ? the  wet growth 
process).  
accounted f o r  due t o  u n c e r t a i n t y  about t h e  a c t u a l  m ic rophys ica l  
i n t e r a c t i o n s  t a k i n g  place. I n  category ( 3 ) ,  a l i m i t e d  i n d u c t i v e  mode 
t r a n s f e r  i s  al lowed. I n  a d d i t i o n ,  bo th  i n d u c t i v e  and non- induc t ive  
charge t r a n s f e r s  are a l lowed when c loud i c e  i n t e r a c t s  w i t h  snow. The 
category ( 4 )  i n t e r a c t i o n s  i nvo l  v i  ng smal 1 i o n s  have been d e s c r i  bed 
above. 

I n  t h i s  category,  o n l y  i n d u c t i v e  charge t r a n s f e r s  a re  

3 . 3  - I n i t i a l  i z a t i o n  

3 .3 .1  Envi ronmental i n i t  i a1 i z a t  i on 

The base s t a t e  o f  t h e  atmosphere f o r  t h i s  model i s  taken f rom a 
T h i s  rawinsonde sounding t y p i c a l  o f  t h e  t y p e  o f  day be ing  s tud ied.  

sounding o f  temperature and mois tu re  i s ,  h o p e f u l l y ,  r e p r e s e n t a t i v e  o f  
t h e  atmosphere near t h e  t ime o f  t h e  f o r m a t i o n  o f  an observed c l o u d  
which may be compared w i t h  t h e  model s i m u l a t i o n ,  i f  such observa t ions  
a r e  a v a i l a b l e .  The on ly  m o d i f i c a t i o n  made t o  t h e  o r i g i n a l  sounding 
i s  t o  make t h e  lowest  l a y e r  a d i a b a t i c  ( i f  i t i s  n o t  a l ready  i n  such a 
s t a t e ) .  The atmospher ic winds are  determined by p r o j e c t i n g  t h e  winds 
f rom t h e  sounding i n  t h e  d i r e c t i o n  o f  t h e  s torm motion, s i n c e  t h e  model 
i s  two-dimensional. I n  a d d i t i o n ,  t h e  winds determined by t h i s  pro-  
cedure a r e  f r e q u e n t l y  reduced t o  some percentage o f  t h e i r  o r i g i n a l  
va lue  because t h e  use o f  f u l l  winds has a tendency t o  propagate t h e  
s imu la ted  c loud o f f  t h e  g r i d  t o o  r a p i d l y .  

I n  o r d e r  t o  i n i t i a t e  convect ion,  we use a combinat ion o f  random 
p e r t u r b a t i o n s  i n  temperature and water  vapor i n  t h e  lower  3 km o f  t h e  
g r i d  ( w i t h  maximum ampl i tude +0.5OC and +7%) and a warm bubble i n  t h e  
v i c i n i t y  o f  t h e  domain center .  
1 . 5 O C ,  i s  4.8 km wide, and i s  p resent  between 400 m and 2 km he igh t .  

The bubble has a maximum d e v i a t i o n  o f  

3.3.2 E l e c t r i c a l  i n i  t i  a1 i zat  i on 

We assume t h a t  an i n i t i a l  steady s t a t e  e x i s t s  w i t h  i o n  p r o d u c t i o n  
due t o  cosmic ray  generat ion,  i o n  l o s s  due t o  recombinat ion,  and i o n  
t r a n s p o r t  due t o  conduct ion i n  t h e  ambient e l e c t r i c  f i e l d  a l l  
ba lanc ing.  We i g n o r e  i o n i c  d i f f u s i o n  and invoke h o r i z o n t a l  homo- 
g e n e i t y  so t h a t  t h e  i n i t i a l  values o f  t h e  v a r i a b l e s  are  f u n c t i o n s  o f  
h e i g h t  on ly .  Then t h e  aforement ioned steady s t a t e  balance can be 
descr ibed by 
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d - hlnlEZ) = G(z) - anln2 dz 

and 

-d - (p2n2EZ) = G(z) - an ln2  dZ 

The terms i n  these equat ions have been p r e v i o u s l y  def ined. 
t h e  assumed f a i r  weather e l e c t r i c  f i e l d  p r o f i l e  pa t te rned  a f t e r  Gish 
(1944) which e x h i b i t s  an exponent ia l  decrease w i t h  h e i g h t  such t h a t  

EZ i s  

I n  ( l a ) ,  t h e  parameters Eo, b i ,  and a i  a r e  v a r i e d  t o  a d j u s t  t h e  
v e r t i c a l  p r o f i l e .  Th is  v e r t i c a l  e l e c t r i c  f i e l d  p r o f i l e  can be r e l a t e d  
t o  t h e  smal l  i o n  d e n s i t i e s  by t h e  one-dimensional form o f  Gauss's law 

We s u b t r a c t  Eq. (13b) f rom (13a) and i n t e g r a t e  i n  t h e  v e r t i c a l  t o  
o b t a i n  

where XT i s  t h e  t o t a l  c o n d u c t i v i t y  of t h e  a i  r and Jc (A m-2) i s  t h e  
f a i r  weather a i  r - e a r t h  conduction c u r r e n t ,  which i s  assumed constant  
w i t h  he igh t .  
nl and n2 y i e l d i n g  

Equat ions (15 )  and (16) can be so lved s imu l taneous ly  f o r  

and 
. 
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I f  we assume, f o l l o w i n g  Shreve (1970), t h a t  t h e  p o l a r  i o n i c  m o b i l i t i e s  
vary e x p o n e n t i a l l y  w i t h  h e i g h t  such t h a t  

where c1 = 1.4 x l o e 4  and c 
p = 1.4 x lo"+ m-1 ,  then  ( l f a )  and (17b) d e f i n e  t h e  i n i t i a l  p r o f i l e s  
f o r  p o s i t i v e  and negat ive  sinal1 ions.  
may be so lved f o r  t h e  g a l a c t i c  cosmic ray  genera t ion  f u n c t i o n  G(z)  
which, a f t e r  some a l g e b r a i c  man ipu la t ion ,  y i e l d s  

= 1.9 x 10-4 m* V-1 sec'l, and 

F i n a l l y ,  e i t h e r  (13a) o r  (13b) 

The i n i t i a l  f a i r  weather e l e c t r i c a l  s t a t e  o f  t h e  atmosphere i s  
determined f rom Eqs. ( 1 4 )  and (17) - (19) by choosing a p p r o p r i a t e  
values o f  E,, a i ,  b i  , and Jc. Since t h e r e  a r e  g e n e r a l l y  no s p e c i f i c  
observa t ions  upon which t o  base t h e  s e l e c t i o n  of these parameters, 
values are  chosen t h a t  produce p r o f i l e s  which a r e  c o n s i s t e n t  w i t h  
h i  s t o r i  c a l  measurements. 

3.4 Uoundafi Cond i t ions  

constant .  The v o r t i c i t y ,  v e r t i c a l  v e l o c i t y ,  r a i n ,  snow, graupel ,  c l o u d  
water,  and c l o u d  i c e  as w e l l  as t h e i r  assoc ia ted  charges a r e  a l l  s e t  t o  
zero.  The stream f u n c t i o n ,  entropy, water  vapor m i x i n g  r a t i o ,  smal l  
i o n  concent ra t ion ,  and e l e c t r i c  p o t e n t i a l  a r e  mainta ined und is tu rbed 
a t  t h e i r  i n i t i a l  values. The p o t e n t i a l  a t  t h e  t o p  o f  t h e  model i s  
ob ta ined by i n t e g r a t i n g  ( 5 )  over  t h e  depth o f  t h e  domain and 
employing (14 )  f o r  t h e  e l e c t r i c  f i e l d  p r o f i l e .  

The t o p  boundary i s  assumed t o  be r i g i d  w i t h  a l l  v a r i a b l e s  h e l d  

A t  the lower  boundary, t h e  v e r t i c a l  v e l o c i t y ,  v o r t i c i t y ,  and 
stream f u n c t i o n  are  s e t  t o  zero. 
t o  zero, c o n s i s t e n t  w i t h  t h e  assumption t h a t  t h e  e a r t h ' s  s u r f a c e  i s  a 
conduct ing  plane. Evaporat ion and h e a t i n g  r a t e s  a t  t h e  s u r f a c e  a r e  
p r e s c r i b e d  as f u n c t i o n s  o f  t ime. Heat and water vapor a re  a l lowed t o  
d i f f u s e  i n t o  t h e  lower  boundary. Clouds a r e  no t  p e r m i t t e d  t o  form a t  
t h e  surface, b u t  p r e c i p i t a t i o n  i s  a l lowed t o  f a l l  through t h e  s u r f a c e  
l e v e l .  
lower  boundary. 

The e l e c t r i c  p o t e n t i a l  i s  a l s o  s e t  

Cloud shadow e f f e c t s  (on h e a t i n g )  a r e  a l s o  s imu la ted  a t  t h e  
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A t  t h e  l a t e r a l  boundaries, t h e  h o r i z o n t a l  g rad ien ts  o f  t h e  stream 
f u n c t i o n  and t h e  p o t e n t i a l  are assumed t o  be zero. D i f f u s i o n a l  
t r a n s p o r t  a l s o  assumes h o r i z o n t a l  g rad ien ts  o f  zero  f o r  a1 1 v a r i a b l e s  
a t  t he  l a t e r a l  boundaries. Both i n f l o w  and ou t f l ow  from t h e  domain are 
al lowed. The c o n s t r a i n t s  on t h e  p o t e n t i a l  a t  t h e  va r ious  boundaries 
r e s u l t  i n  the  e l e c t r i c  f i e l d  components E, = 0 a t  a l l  boundaries and 
E, be ing  c a l c u l a t e d  a t  a l l  boundaries. 

3.5 Numerical Techniques --- 
The equat ions are so lved over a 19.2 krn x 19.2 k.m o r  a 

30 k m  x 20 k m  domain wi th a 200 m g r i d  i n t e r v a l  i n  bo th  t h e  X and Z 
d i r e c t i o n s .  The advec t ion  techn ique used i s  t h a t  o f  Crowley (1968), 
which i s  f i r s t - o r d e r  accura te  i n  t ime  and second-order i n  space. A 
two-step advec t i on  scheme i s  used ( L e i t h ,  1965) w i t h  v e r t i c a l  advec- 
t i o n  c a l c u l a t e d  f i r s t ,  f o l l owed  by h o r i z o n t a l  advect ion.  Model 
v a r i a b l e s  a re  h e l d  cons tan t  a t  l a t e r a l  i n f l o w  boundaries, whereas 
e x t r a p o l a t i o n  v i a  upstream d i f f e r e n c i n g  i s  employed a t  o u t f l o w  
boundaries. The general purpose Helmholtz s o l v e r  i n  Car tes ian  
coo rd ina tes  ( f r o m  t h e  NCAR program l i b r a r y )  i s  used t o  so l ve  t h e  
Poisson-type equat ions f o r  stream f u n c t i o n  and e l e c t r i c a l  p o t e n t i a l  . 
Centered d i f f e rences  are used throughout except a t  t h e  upper and 
lower  boundaries where second order,  one-sided d i f f e r e n c e s  a r e  
used. 

3.6 F i n a l  Cons idera t ions  -- 

model s t r u c t u r e ,  bu t  w i l l  be descr ibed l a t e r  i n  t h e  con tex t  o f  i t s  
h i s t o r i c a l  development w i t h i n  t h e  o v e r a l l  framework o f  t h i s  research. 
The f o l l o w i n g  s e c t i o n  w i l l  enumerate t h e  r e s u l t s  o f  t h e  research. 

--- 
The l i g h t n i n g  pa ramete r i za t i on  has been developed as p a r t  o f  t h e  

. 
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4. RESEARCH RESULTS 

4.1 Wallops I s l a n d  S i m u l a t i o n  -- ____-- 

The f i r s t  use o f  t h e  SEM i n  connect ion w i t h  t h e  Storm Hazards 
p r o j e c t  was t o  s i m u l a t e  t h e  12 September 1983 o p e r a t i o n a l  f l i g h t  o f  t h e  
F106 ( f l i g h t  83-053) which exper ienced two l i g h t n i n g  events near 28 k f t  
d u r i n g  separate c loud penet ra t ions .  This  s i m u l a t i o n  i s  termed a b l i n d  
case because t h e r e  were no s p e c i f i c  o b s e r i a t i o n s  w i t h  which t h e  model 
r e s u l t s  cou ld  be compared f o r  v e r i f i c a t i o n .  

The SEM was i n i t i a t e d  u s i n g  t h e  Wallops I s l a n d ,  V i r g i n i a ,  OOZ 
sounding from 13 September 1983, shown i n  F ig .  2, which was near t h e  
t i m e  o f  t h e  f l i g h t  opera t ions  (2215-2258 GMT) and was considered 
c h a r a c t e r i s t i c  of t h e  atmospher ic s t a t e  i n  which t h e  storms were 
developing. The temperature has been m o d i f i e d  i n  t h e  lowest  hundred 
m i l l i b a r s  t o  make t h e  p r o f i l e  a d i a b a t i c ,  as descr ibed i n  S e c t i o n  3.3.1. 
Examinat ion o f  t h e  sounding shows t h a t  t h e  L i f t e d  Index i s  -6.7 and 
t h e  K Index i s  42.1, i n d i c a t i n g  a very h i g h  p o t e n t i a l  f o r  s t r o n g  
thunderstorms on t h a t  day. I n  f a c t ,  severe thunderstorms might have 
been expected except f o r  t h e  f a c t  t h a t  t h e  upper l e v e l  winds were 
q u i t e  l i g h t  and e x h i b i t e d  l i t t l e  shear. Much convec t ive  a c t i v i t y  was 
a c t u a l l y  observed on t h a t  day. 
model, we expected s t r o n g  convec t ion  t o  develop. 

With t h i s  sounding as i n p u t  f o r  t h e  

F i g u r e  3 shows t h e  c h a r a c t e r i s t i c s  o f  t h e  modeled s torm r e s u l t i n g  
f rom t h e  s i m u l a t i o n  a t  two d i f f e r e n t  s i m u l a t i o n  t imes:  15 and 22.5 min. 
The l e f t  column conta ins  p l o t s  a t  15 min, w h i l e  t h e  r i g h t  column shows 
t h e  same p l o t s  a t  22.5 min. The p l o t s  f rom t o p  t o  bottom represent  t h e  
dynamical and mic rophys ica l  c h a r a c t e r  o f  t h e  c loud (see p l o t  c a p t i o n  
f o r  d e t a i l s ) ,  radar  r e f l e c t i v i t y ,  v e r t i c a l  v e l o c i t y ,  t o t a l  charge 
d e n s i t y ,  v e r t i c a l  e l e c t r i c  f i e l d  component, and t h e  h o r i z o n t a l  e l e c t r i c  
f i e l d  component. As i s  ev ident  from Fig.  3, t h e  model s i m u l a t i o n  o f  
t h i s  warm-based (-16"C), m a r i t i m e  t y p e  storm showed a very r a p i d  
development w i t h  r a i n  f o r m a t i o n  proceeding v i a  t h e  s t o c h a s t i c  coales- 
cence process, w e l l  b e f o r e  t h e  i c e  phase became s i g n i f i c a n t .  
n e a r l y  v e r t i c a l  development o f  t h e  s torm due t o  t h e  l a c k  o f  wind 
shear. 

Note t h e  

The e a r l y  charge d i s t r i b u t i o n  and r e s u l t i n g  weak e l e c t r i c  f i e l d s  
were a r e s u l t  o f  t h e  l i m i t e d  i n d u c t i v e  i n t e r a c t i o n s  between r a i n d r o p s  
and c loud d r o p l e t s .  Once t h e  i c e  phase appeared, t h e  charge separa- 
t i o n  processes became more v igorous and, i n  t h e  course o f  a few 
minutes,  charge d e n s i t i e s  reached t h e  order  o f  10 's  o f  nanocoulombs 
p e r  cub ic  meter, accompanied by e l e c t r i c  f i e l d  s t r e n g t h s  i n  excess of 
400 kV/ni, a va lue near t h a t  necessary t o  produce l i g h t n i n g  breakdown. 
The " c l a s s i c "  thunderstorm d i p o l e  s t r u c t u r e  ( p o s i t i v e  charge above 
n e g a t i v e )  was produced i n  t h e  s i m u l a t i o n  w i t h  a lower  p o s i t i v e  charge 
r e y i o n  a l s o  i n  evidence, a l though t h e r e  were no observa t ions  upon 
which t o  judge t h e  cor rec tness  of these r e s u l t s .  



n 
V 
0 
Y 

aJ 
L s 
c, 
fa 
L 
aJ n 
B 
I- 

Satura t i on/mi x 
r a t i o  (g/km) 

f Dry adiabats 

. Saturation 

adi  abats 

Temperature ("C) 
Fig. 2: Wallops Island, VA (WAL) sounding for  002, 13 September 1983. 

Sol id curve i s  temperature. Dashed curve i s  dewpoint. 

-19- 



t 1 

I 10 

19 

10 

0 

L 

Fig.  3: 
times: l e f t  column, 15 min; and r i g h t  column, 22.5 min. 
t o  bottom, t h e  p l o t s  represent :  1) storm dynamical and mic rophys ica l  
c h a r a c t e r  i n c l u d i n g  a i r f l o w  s t reaml ines  (dashed l i n e s ) ,  c loud boundary 
( s o l i d  l i n e ) ,  and presence o f  snow ( S ) ,  graupel  (*) ,  r a i n  (a), and c l o u d  
i c e  ( - )  i n  amounts g r e a t e r  than a t h r e s h o l d  value; 2 )  radar  r e f l e c t i v i t y  
i n  dBz ( a b s o l u t e  values s y s t e m a t i c a l l y  t o o  high, b u t  s t r u c t u r e  i s  
r e p r e s e n t a t i v e ,  contour  i n t e r v a l  4 dB a t  1 5  min, 5 dB a t  22.5 min; 

C h a r a c t e r i s t i c s  o f  t h e  Wallops case f o r  two d i f f e r e n t  s i m u l a t i o n  
Reading from t o p  
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F i g .  - 3 (continued)-: 
3 )  v e r t i c a l  v e l o c i t y  i n  m sec - l  ( u p d r a f t - s o l i d ,  downdraft-dashed, contour  
i n t e r v a l  3 ni set''); 4 )  t o t a l  charge d e n s i t y  i n  C m - j  ( p o s i t i v e - s o l i d ,  
negative-dashed, contour i n t e r v a l s  0.9 p C . ~ n - ~  a t  15 min, 1 nC r3 a t  
22.5 min) ;  5 )  v e r t i c a l  e l e c t r i c  f i e l d  i n  V m - l  a t  15 min, 60 kV m-*  a t  
22.5 m i n ) ;  6 )  h o r i z o n t a l  e l e c t r i c  f i e l d  (as  per  t h e  v e r t i c a l  f i e l d ,  
contour  i n t e r v a l s  20 V m - l  a t  15 min; 30 kV m-1 a t  22.5 min) .  
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The model run f o r  t h i s  Wallops I s l a n d  case had t o  be terminated 
a f t e r  22.5 minutes o f  s imu la ted  r e a l  t i m e  due t o  t h e  cont inued b u i l d u p  
o f  the  e l e c t r i c  f i e l d s  and t h e  r e s u l t i n g  p r o h i b i t i v e l y  small  t i m e  steps 
necessary t o  m a i n t a i n  computat ional  s t a b i l i t y  o f  t h e  i o n  t r a n s p o r t  
equat ions.  A s i m u l a t i o n  w i t h o u t  t h e  e l e c t r i c a l  processes a c t i v e  was 
r u n  rriuch longer  i n  t ime. The i n c l u s i o n  o f  t h e  l i g h t n i n g  d ischarge i n  
t h e  model i s  necessary t o  overcome t h i s  e a r l y  t e r m i n a t i o n  problem. 

Al though t h e  e l e c t r i c a l  s i m u l a t i o n  had t o  be te rmina ted  
premature ly ,  t h e  ou tpu ts  p rov ided i n f o r m a t i o n  on t h e  e l e c t r i c a l  
env i  ronment which might be expected d u r i n g  t h e  e a r l y  stages o f  
thunderstorm development. 
and 4, i n c l u d i n g  e l e c t r i c  f i e l d s ,  p a r t i c l e  d e n s i t i e s  and charges, and 
i o n  d e n s i t i e s  a t  var ious  a l t i t u d e s  and t imes w i t h i n  t h e  s imu la ted  
thunderstorm, were sent  t o  EMA f o r  use i n  c o n j u n c t i o n  w i t h  t h e i r  3D 
i n t e r a c t i o n  model (Rudolph -- e t  a l . ,  1984). The p l o t s  i n  F ig .  4 repre-  
sent  measurements which an ins t rumented a i r c r a f t  would record  i f  i t  
made a l e v e l  pass through t h e  model storm a t  a g iven  a l t i t u d e .  From 
these p l o t s ,  €MA s c i e n t i s t s  were a b l e  t o  e x t r a c t  i n f o r m a t i o n  con- 
s i d e r e d  r e p r e s e n t a t i v e  o f  t h e  environment i n  which t h e  F106 might  
have operated. 

These data i n  a form s i m i l a r  t o  Figs.  3 

P a r t  o f  t h e i r  work i n v o l v e d  a d e t e r m i n a t i o n  o f  t h e  shape f a c t o r s  
due t o  t h e  a i  r c r a f t  necessary t o  i n t e r p r e t  t h e  e l e c t r i c  f i e l d  m i l  1 data  
which i s  recorded d u r i n g  each F106 f l i g h t .  Another aspect o f  t h e i r  
research was t o  do a parameter study o f  t h e  a i r c r a f t  under var ious  
e l e c t r i c a l  i n i t i a l  c o n d i t i o n s  u s i n g  da ta  f rom t h e  SEM s i m u l a t i o n ,  where 
appropr ia te .  T h e i r  r e s u l t s  (Rudolph and Pera la ,  1985), a n a l y z i n g  t h e  
d a t a  from t h e  e l e c t r i c  f i e l d  m i l l s  a t  t h e  t i m e  o f  a l i g h t n i n g  s t r i k e  t o  
t h e  a i r c r d f t  d u r i n g  f l i g h t  83-053, showed t h a t  t h e  f i e l d  was predomi- 
n a n t l y  v e r t i c a l  and negat ive  i n  value. From examinat ion o f  F ig .  4 a t  
22.5 min, t h e  model p r e d i c t s  an environment i n  t h e  neighborhood o f  
28,000 f t  which i s  approaching c o n d i t i o n s  s u i t a b l e  f o r  l i g h t n i n g  
a c t i v i t y  ( e l e c t r i c  f i e l d s  i n  excess o f  300 kV/m), i n d i c a t i n g  t h a t  t h e  
model i s  capable o f  genera t ing  an environment which i s  s i m i l a r  t o  t h a t  
which was observed. 

The i n v e s t i g a t i o n  o f  t h e  low a l t i t u d e  s t r i k e  problem i s  a ided by 
l o o k i n g  a t  some o f  t h e  model r e s u l t s .  F i g u r e  5 shows contour  p l o t s  o f  
t h e  v e r t i c a l  e l e c t r i c  f i e l d  component ( l e f t  pane l )  w i t h  s o l i d  contours 
i n d i c a t i n g  an upwardly d i r e c t e d  ( p o s i t i v e )  f i e l d  and d o t t e d  contours  
r e p r e s e n t i n g  downwardly d i r e c t e d  ( n e g a t i v e )  f i e l d s .  The i n t e r v a l  o f  
each contour  i s  60 kV/m w i t h  t h e  zero l i n e  i n d i c a t e d .  The r i g h t  panel 
represents  t h e  m i x i n g  r a t i o  o f  graupel  i n  t h e  c loud i n  grams o f  graupel  
p e r  k i l o g r a m  o f  d r y  a i r .  The contour  i n t e r v a l  i n  t h i s  panel i s  1 g/kg. 
These p l o t s  represent  t h e  s t a t e  o f  these two model v a r i a b l e s  f o r  t h e  
Wallops I s l a n d  s i m u l a t i o n  a t  22.5 minutes a f t e r  t h e  i n i t i a t i o n  o f  t h e  
run. 

The t h r e e  h o r i z o n t a l  l i n e s  drawn through t h e  contour  p l o t s  
represent  t h r e e  p o s s i b l e  f l i g h t  a l t i t u d e s  f o r  t h e  F106. The dashed 

. 
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Fig.  4: Examples of measurements which would be recorded by an 
inst rumented a i r c r a f t  f l y i n g  a h o r i z o n t a l  pa th  through t h e  modeled 
s to rm a t  8.4 km AGL and 22.5 in in s i m u l a t i o n  t ime. Top p l o t :  h a i l  
( g r a u p e l )  con ten t  i n  g m-3, number o f  graupel  p a r t i c l e s  a-1 w i t h  
d iameters > 600 prn, and charge on t h e  graupel  p a r t i c l e s  i n  nC m-3 
( p o s i t i v e  charge-so l id  l i n e ,  n e g a t i v e  charge-dashed l i n e ) .  Bottom 
p l o t :  p o t e n t i a l  above ground i n  kV, v e r t i c a l  e l e c t r i c  f i e l d  com- 
ponent (E,) i n  kV rn-l ( p o s i t i v e - s o l i d ,  negative-dashed), and 
h o r i z o n t a l  f i e l d  component (E,)  i n  kV m-1. 
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l i n e  a t  8.4 km represents  t h e  a l t i t u d e  a t  which t h e  a i r c r a f t  was 
o p e r a t i n g  a t  t h e  t i m e  of the l i g h t n i n g  s t r i k e s .  The dash-dot l i n e  
represents  a f l i g h t  l e v e l  of approx imate ly  10 k f t ,  and t h e  s o l i d  l i n e ,  
a l e v e l  o f  around 19 k f t .  (The major t i c k  marks on t h e  h o r i z o n t a l  
and v e r t i c a l  axes represent  d i s t a n c e  i n  k i lometers . )  These two lower  
a l t i t u d e s  are  i n  t h e  r e g i o n  considered by NASA personnel  t o  c o n s t i t u t e  
t h e  low a l t i t u d e  l i g h t n i n g  environment (<20 k f t ) .  

Examinat ion o f  t h e  f i g u r e  revea ls  t h a t ,  a t  t h e  a l t i t u d e  a t  which 
t h e  a i r c r a f t  was o p e r a t i n g  on t h a t  day, a h i g h  e l e c t r i c  f i e l d  
environment would have been encountered ( i f  t h e  model i s  adequately 
s i m u l a t i n g  t h e  c loud which was penetrated) .  The model r e s u l t s  f u r t h e r  
i n d i c a t e  t h a t  had t h e  F106 been o p e r a t i n g  i n  t h e  v i c i n i t y  o f  10 k f t ,  i t  
woul d have encountered re1 a t  i v e l y  low f i e l  d s t r e n g t h s  and probab ly  n o t  
have been a b l e  t o  t r i g g e r  a d ischarge ( t h e  t r i g g e r i n g  process seems t o  
predominate a t  h i g h  a l t i t u d e s ) .  On t h e  o t h e r  hand, t h e  f l i g h t  l e v e l  
around 19 k f t  shows t h a t  a very concentrated and i n t e n s e  r e g i o n  o f  
e l e c t r i c  f i e l d  i n  excess o f  400 kV/m might  have been encountered by t h e  
F106 had i t  been f l y i n g  a t  t h a t  a l t i t u d e .  Th is  r e s u l t  seems t o  i nd i -  
c a t e  t h a t  lower l e v e l ,  h igh  f i e l d  reg ions cou ld  e x i s t  i n  t h e  types  o f  
c louds penet ra ted  d u r i n g  t h e  p r o j e c t ;  however, examinat ion o f  t h e  
r i g h t  panel i n  t h e  f i g u r e  shows t h a t  t h i s  h i g h  f i e l d  r e g i o n  i s  co in -  
c i d e n t  w i t h  t h e  maximum h a i l  con ten t  o f  t h e  s torm ( m i x i n g  r a t i o  i n  
excess o f  14 g/k'g).'-Inaddition, examinat ion o f  Fig. 3 shows t h a t  
t h i s  h i g h  f i e l d  r e g i o n  a l s o  corresponds t o  a r e g i o n  o f  s t r o n g  u p d r a f t  
and a sharp updra f t /downdra f t  boundary, i n d i c a t i n g  t h e  p o s s i b i l i t y  
o f  s t r o n y  turbulence.  Therefore,  w h i l e  a volume f a v o r a b l e  t o  the 
i n i t i a t i o n  o f  l i g h t n i n g  by t h e  F106 i n  t h e  low a l t i t u d e  r e g i o n  may be 
present ,  t h e  s i m u l a t i o n  o f  t h i s  one case i n d i c a t e s  t h a t  t h e  a i r c r a f t  
would have t o  purposely  avo id  such a reg ion  f o r  s a f e t y  cons idera t ions .  
It i s  a l s o  i n t e r e s t i n g  t o  no te  t h a t  t h e  m a j o r i t y  o f  t h e  low a l t i t u d e  
s t r i k e s  t h a t  occurred d u r i n g  t h e  1985 f i e l d  season were i n  t h e  
15-20 k f t  rey ion.  Th is  leads one t o  specu la te  t h a t  t h e  low a l t i t u d e ,  
h i g h  f i e l d  r e g i o n  may be a reasonably f requent  fea ture  o f  t h e  storms 
encountered by t h e  F106 and i s  n o t  always associated w i th  adverse 
f l y i n g  c o n d i t i o n s .  More s i m u l a t i o n s  of t h e  e l e c t r i c a l  e v o l u t i o n  o f  
such clouds d u r i n g  t h e i r  mature and d i s s i p a t i n g  stages would h e l p  t o  
c l a r i f y  t h i s  quest ion.  

These r e s u l t s  brought t o  l i g h t  severa l  ques t ions  and l i m i t a t i o n s  
which r e s u l t e d  i n  a d d i t i o n a l  research. F i r s t  o f  a l l ,  w h i l e  t h e  model 
seemed t o  be producing r e a l i s t i c  s i m u l a t i o n s  o f  t h e  s torm c o n d i t i o n s  
w i t h i n  which t h e  F106 was o p e r a t i n g  and t h e  da ta  p rov ided t o  EMA was 
u s e f u l  i n  t h e i r  analyses, we had no way o f  knowing whether o r  n o t  t h e  
s i m u l a t i o n s  were a c t u a l l y  c o r r e c t .  
o f  a model t o  s i m u l a t e  na ture  i s  t o  have a c t u a l  observa t ions  aga ins t  
which t o  compare t h e  model r e s u l t s .  The comparison between t h e  F106 
f i e l d  m i l l  da ta  and t h e  model ou tpu t  done by EMA s c i e n t i s t s  was 
encouraging, b u t  was not  a s u f f i c i e n t  t e s t .  Such a t e s t  has been done 
on t h e  model f o r  a cold-based c o n t i n e n t a l  t y p e  s torm (Helsdon and 
F a r l e y ,  1981a,b), g i v i n g  us conf idence t h a t  t h e  model can c o r r e c t l y  

The o n l y  way t o  v e r i f y  t h e  a b i l i t y  
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s i m u l a t e  c loud development and i t s  a t tendant  e l e c t r i f i c a t i o n .  How- 
ever,  t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  between cold-based, c o n t i -  
n e n t a l  c louds and t h e  warm-based, mar i t ime t y p e  clouds found a long t h e  
eas t  coast. These d i f f e r e n c e s  a r e  such t h a t  we do no t  f e e l  i t  i s  s a f e  
t o  assume t h a t ,  because one t y p e  o f  c loud i s  w e l l  modeled, a d i f f e r e n t  
t y p e  o f  c loud w i l l  be e q u a l l y  w e l l  modeled. 

Another, and even more impor tan t ,  c o n s i d e r a t i o n  i n v o l v e s  t h e  
i n a b i l i t y  o f  t h e  model t o  s i m u l a t e  t h e  e l e c t r i c a l  development o f  a 
cloud beyond i t s  e a r l y  stages. As noted above, t h e  Wallops I s l a n d  
s i m u l a t i o n  had t o  be te rmina ted  a f t e r  22.5 minutes s i m u l a t i o n  t i m e  
because o f  t h e  constant  b u i l d u p  o f  t h e  e l e c t r i c  f i e l d  s t rength .  
i s  no mechanism w i t h i n  t h e  model t o  r e l a x  t h e  ever  i n c r e a s i n g  e lec-  
t r i c a l  s t resses.  Nature takes care  o f  t h e  problem by i n i t i a t i n g  a 
l i g h t n i n g  discharge. I n  o r d e r  t o  be c o n s i s t e n t ,  we r e a l i z e d  t h a t  i t  
was necessary f o r  t h e  model t o  be ab le  t o  s i m u l a t e  a l i g h t n i n g  d i s -  
charge and i t s  e f f e c t s  on t h e  l o c a l  charges and f i e l d s .  Only when 
t h i s  c a p a b i l i t y  was i n  p lace  would t h e  model be a b l e  t o  p r o v i d e  simu- 
l a t i o n s  o f  t h e  mature and d i s s i p a t i n g  stages o f  a s torm's  e l e c t r i c a l  
1 i fe. 

There 

As a r e s u l t  o f  t h e  Wallops I s l a n d  s i m u l a t i o n ,  and th rough 
d iscuss ions  w i t h  o t h e r  p r o j e c t  personnel ,  a p l a n  was dev ised t o  a i d  
i n  t h e  inc rease o f  low a l t i t u d e  s t r i k e s  t o  t h e  F106. It was suggested 
t h a t  s i t u a t i o n s  be sought where a l i n e  o f  storms was present  w i t h  
f a i r l y  h i g h  r e f l e c t i v i t y  cores. 
f l y  a course p a r a l l e l  t o  t h e  s torm l i n e  and upwind of t h e  r e f l e c t i v i t y  
maximum i n  t h e  a l t i t u d e  range f rom 15 t o  20 k f t .  Based on t h e  Wallops 
s i m u l a t i o n ,  t h i s  might  pu t  t h e  a i r p l a n e  i n  t h e  v i c i n i t y  o f  t h e  low 
l e v e l  h i g h  f i e l d  reg ion,  b u t  ou t  o f  t h e  h i g h  graupel  hazard reg ion.  
A l though t h i s  recommendation was s p e c u l a t i v e  due t o  t h e  u n c e r t a i n t y  o f  
t h e  s torm charge s t r u c t u r e  d u r i n g  t h e  mature stage, i t  was adopted by 
p r o j e c t  personnel. 

The F1O6 should then be d i r e c t e d  t o  

4.2 L i g h t n i n g  Parameter iza t ion  ___- -- 

The d i f f i c u l t i e s  w i t h  e l e c t r i c  f i e l d  b u i l d u p  l e d  t o  i n v e s t i g a t i n g  
t h e  ques t ion  of i n c o r p o r d t i n y  (parameter iz ing)  t h e  l i g h t n i n g  d ischarge 
i n  t h e  SEM. We had two types o f  l i g h t n i n g  t o  deal w i t h ;  c loud- to -  
ground and i n t r a c l o u d .  Whi le i n t r a c l o u d  l i g h t n i n g  i s  t h e  l e s s  w e l l  
s tud ied ,  i t  i s  a l s o  t h e  most f requent  t o  occur d u r i n g  a storm. It 
a l s o  seeins, i n t u i t i v e l y ,  t o  be t h e  l e s s  compl icated o f  t h e  two t o  
i n c o r p o r a t e  i n  t h e  model and t h e r e f o r e  was chosen t o  be examined 
f i r s t .  

Wi thout  going i n t o  t h e  arguments p r o  and con, we chose t o  adopt 
t h e  phi losophy o f  Kasemi r (1960, 1984) whereby t h e  o v e r a l l  i n t r a c l o u d  
l i g h t n i n g  channel i s  e l e c t r i c a l l y  n e u t r a l .  The charges t h a t  e x i s t  on 
t h e  channel a r e  t h e  r e s u l t  of i o n i z a t i o n  a long t h e  channel and a r e  n o t  
"gathered"  f ro in t h e  surrounding c l o u d  volume. When one deals  w i t h  t h e  
s i m u l a t i o n  o f  t h e  l i g h t n i n g  d ischarge,  which i s  a subgr id  s c a l e  process 
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i n  t h e  SEM, four  bas ic  c r i t e r i a  must be e s t a b l i s h e d  i n  o r d e r  t o  account 
f o r  the  process: 1 )  i n i t i a t i o n ;  2 )  d i r e c t i o n  o f  propagat ion;  
3 )  t e r m i n a t i o n ;  and 4 )  charge r e d i s t r i b u t i o n .  I n  a t t e m p t i n g  a f i r s t  
o r d e r  approx imat ion t o  t h e  l i g h t n i n g  discharge, t h e  idea i s  t o  keep 
t h e  processes i n v o l v e d  a s  s imple as p o s s i b l e  w h i l e  s t i l l  t r y i n g  t o  
m a i n t a i n  a p h y s i c a l l y  reasonable approach t o  t h e  problem. S i m p l i c i t y  
i s  a l s o  a d v i s a b l e  because t h e  p h y s i c a l  mechanisms i n v o l v e d  i n  d e t e r -  
m i n i n g  these c r i t e r i a  are p o o r l y  understood a t  t h i s  p o i n t .  Thus, we 
have b a s i c a l l y  employed a s i n g l e  parameter approach t o  t h e  f i r s t  t h r e e  
processes ment i oned above. 

Recent ly  Wi l l iams - e t  -- a l .  (1985) have made a study o f  e l e c t r i c a l  
d ischaryes  i n  po lymeth lyrnethacry la te (PMMA) which had been i n j e c t e d  
w i t h  e l e c t r o n s  t o  form var ious  space charge c o n f i g u r a t i o n s .  They found 
adequate sca led  c o r r e l a t i o n s  t o  be ab le  t o  r e l a t e  t h e  observed behav io r  
o f  t h e  d ischarges i n  t h e  PMMA b locks  t o  l i g h t n i n g  d ischarges i n  thunder-  
c louds.  T h e i r  paper focused on t h e  l o c a l  e l e c t r i c  f i e l d  s t r e n g t h  and 
t h e  space charge d i s t r i b u t i o n  as t h e  f a c t o r s  c o n t r o l l i n g  t h e  e x t e n t  
and d i r e c t i o n  o f  propagat ion o f  t h e  d ischarge channel. Whi le t h e  
e x t e n t  and magnitude o f  t h e  space charye c loud were impor tan t  i n  t h e  
morphology o f  t h e  l a b o r a t o r y  discharges, they  i d e n t i f i e d  t h e  l o c a l  
e l e c t r o s t a t i c  f i e l d  as t h e  s i n g l e  most impor tan t  parameter i n  con- 
t r o l l i n g  such discharges. And a l though t h e r e  i s  no d i r e c t  j u s t i f i -  
c a t i o n  f o r  e x t r a p o l a t i n g  t h e i r  r e s u l t s  t o  what takes p l a c e  i n  
thunderc louds , a scal  i ny approach and t h e  appl i c a t  i on o f  t h e i  r model 
t o  s p e c i f i c  thunderstor in s i t u a t i o n s  argued i n  f a v o r  o f  accept ing  a 
p o s s i b l e  c o r r e l a t i o n .  As a r e s u l t  o f  t h e i r  work and t h e  concept of 
m a i n t a i n i n g  s i m p l i c i t y  i n  t h e  i n i t i a l  approach t o  t h e  l i g h t n i n g  
parameter iza t ion ,  i t  was decided t o  use t h e  l o c a l  e l e c t r i c  f i e l d  as 
t h e  paranieter c o n t r o l l i n g  t h e  f i r s t  t h r e e  c r i t e r i a  i n  t h e  above l i s t .  

As an i n i t i a t i o n  c r i t e r i o n ,  a t h r e s h o l d  e l e c t r i c  f i e l d  was chosen 
w i t h  a va lue o f  400 kV/m. Wi l l iams - e t  -- a l .  (1985) quote a va lue of 
SUO- lU00 kV/in f o r  a breakdown f i e l d  i n  t h e i r  Table 1. It has f r e -  
quently been mentioned t h a t  the  in-cloud breakdown f i e l d  must be i n  
t h e  v i c i n i t y  o f  400 kV/m s i n c e  t h e  h i g h e s t  r e l i a b l e  i n - c l o u d  f i e l d  
measiireinentr have peaked near t h a t  value. We f e e l  t h a t  u s i n g  t h i s  
va lue  i n  t h e  model i s  reasonable because t h e  va lue a t  a g r i d  p o i n t  
represents  the  averaye va lue o f  t h e  q u a n t i t y  w i t h i n  a g r i d  box 200 m 
on a s i d e  ( f o r  t h i s  model) and t h i s  average would most l i k e l y  c o n s i s t  
o f  bo th  h i g h e r  and lower  values. 

The t e r i i i i n a t i o n  c r i t e r i o n  was s e l e c t e d  t o  be a c r i t i c a l  f i e l d  
s t r e n g t h  o f  150 kV/m based on work done by G r i f f i t h s  and Phelps (1976) 
i n v o l v i n g  t h e  propagat ion o f  p o s i t i v e  streamers i n  t h e  l a b o r a t o r y .  
Whi le  s e r i o u s  ques t ions  can be r a i s e d  about t h e  appropr ia teness o f  
e x t r a p o l a t i n g  such a l a b o r a t o r y  va lue  t o  t h e  atmosphere, we f e e l  t h a t  
i t  represents  a reasonable t h r e s h o l d  t o  use i n  t h e  f i r s t  approximat ion.  
It i s  t r u e  t h a t  t h e  stepped l e a d e r  which precedes a c loud-to-ground 
d ischarge appears t o  propagate through reg ions where t h e  f i e l d  s t r e n g t h  
does not  exceed a few k i l o v o l t s  per  meter and such an e x t i n c t i o n  
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c r i t e r i o n  as proposed above would n o t  seem t o  be a p p l i c a b l e ;  however, 
we are on ly  d e a l i n g  w i t h  t h e  i n t r a c l o u d  d ischarge a t  present.  

I n  keeping w i t h  our  s i n g l e  parameter f o r m u l a t i o n  f o r  t h e  d ischarge 
process, we have chosen t o  use t h e  e l e c t r i c  f i e l d  vec tor  i n  de termin ing  
t h e  d i r e c t i o n  o f  t h e  propagat ion path. 
composed o f  y r i d  p o i n t s  i n  a r e c t a n g u l a r  p a t t e r n ,  t h e  l i g h t n i n g  pa th  i s  
c o n s t r a i n e d  t o  move e i t h e r  a long t h e  s i d e  o f  a g r i d  box o r  a long i t s  
d iagonal ,  depending upon t h e  d i r e c t i o n  o f  t h e  e l e c t r i c  f i e l d  vec tor  a t  
t h a t  p o i n t .  An a l g o r i t h m  has been developed which computes t h e  ang le  
o f  t h e  f i e l d  v e c t o r  w i t h  respect  t o  t h e  v e r t i c a l  d i r e c t i o n  and 
determines whether t h e  pa th  should be taken a long t h e  diagonal  o r  
t h e  s ide. Even though t h e  v e c t o r  may be (and u s u a l l y  i s )  canted w i t h  
respec t  t o  t h e  v e r t i c a l ,  t h e  d iagonal  path i s  no t  chosen unless t h e  
c a n t i n g  exceeds a va lue  o f  22.5'. 
s t r a i n t s  c rea ted  by t h e  use of a r e c t a n g u l a r  g r i d ,  t h e  r e s u l t i n g  
l i g h t n i n g  channel w i l l  p robably  be a r t i f i c i a l l y  r e l e g a t e d  t o  a more 
v e r t i c a l  propagat ion pa th  than would normal ly  be observed i n  nature;  
however, f o r  a f i r s t  approximat ion,  t h i s  seemed t o  be a reasonable 
approach which c o u l d  be improved upon as exper ience and increased 
knowledge d i c t a t e d .  For example, we recognized t h a t  t h e  e l e c t r i c  
f i e l d  v e c t o r  a t  t h e  t i p  o f  t h e  propagat ing  l e a d e r  i s  impor tan t  i n  
d e t e r m i n i n g  t h e  propagat ion  d i r e c t i o n ;  however, t h i s  was beyond t h e  
scope o f  a f i r s t  o r d e r  approx imat ion and was r e l e g a t e d  t o  considera-  
t i  on as a subsequent improvement. F i  n a l  l y  , s i  nce t h e  i n i  t i a t  i on po i  n t  
o f  t h e  channel was t h e  p o i n t  o f  h i g h e s t  e l e c t r i c  f i e l d  s t rength ,  t h e  
channel propagat i o n  was made b i  - d i  r e c t i  onal  f rom t h a t  p o i n t  , movi ng 
b o t h  p a r a l l e l  and a n t i - p a r a l l e l  t o  t h e  f i e l d  v e c t o r  and t e r m i n a t i n g  
when t h e  f i e l d  s t r e n g t h  a long each segment f e l l  below t h e  c u t o f f  
t h  res h o l  d. 

Because t h e  model domain i s  

Because o f  these geometr ic con- 

I n  o r d e r  t o  eva lua te  t h e  e f f e c t i v e n e s s  o f  these c r i t e r i a ,  a t e s t  
was conducted u s i n g  model o u t p u t  f rom a s i m u l a t i o n  o f  t h e  19 J u l y  1981 
c l o u d  which was observed i n  t h e  v i c i n i t y  o f  M i l e s  City, MT, and pro-  
duced a s i n g l e  i n t r a c l o u d  l i g h t n i n g  d ischarge ( i n f e r r e d  from t h e  
e l e c t r i c  f i e l d  measurements of t h e  NCAR/NOAA s a i l p l a n e ;  see Dye e t  
- a1 ., 1986). The i n i t i a t i o n ,  propagat ion,  and t e r m i n a t i o n  c r i t e r c  as 
o u t l i n e d  above were a p p l i e d  t o  t h e  model p r e d i c t e d  s t a t e  o f  t h e  c l o u d  
a t  a t ime when t h e  e l e c t r i c  f i e l d  was s u f f i c i e n t  a t  some p o i n t  i n  t h e  
domain t o  exceed t h e  i n i t i a t i o n  th resho ld .  From t h i s  p o i n t ,  t h e  
d ischarge pa th  was computed i n  two d i r e c t i o n s  f o l l o w i n g  t h e  e l e c t r i c  
f i e l d  vector.  The upward and downward paths cont inued u n t i l  t h e i r  
t e r m i n a t i o n  t h r e s h o l d s  were reached, a t  which p o i n t  t h e  d ischarge i n  
t h a t  d i r e c t i o n  was stopped. 

The r e s u l t s  o f  t h i s  process are shown i n  Fig.  6 which d e p i c t s  t h e  
model c a l c u l a t e d  1 i g h t n i  ng channel superimposed on t h e  ambient charge 
d i s t r i b u t i o n  ( l e f t  pane l )  and t h e  v e r t i c a l  e l e c t r i c  f i e l d  component 
( r i y h t  panel ) .  
o f  maximum v e r t i c a l  e l e c t r i c  f i e l d ,  which corresponds t o  a r e g i o n  o f  
low net  charge dens i ty .  The d ischarge pa th  i s  b a s i c a l l y  v e r t i c a l  

We can see t h a t  t h e  d ischarge o r i g i n a t e s  i n  t h e  r e g i o n  
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f ol 1 owi ng t h e  doini nant v e r t  i c a l  e l e c t  r i  c f i e l  d component and 
penet ra tes  both t h e  p o s i t i v e  (upper)  and negat ive  ( lower )  charge 
centers.  One should note,  however, t h a t  t h e  e f f e c t  o f  t h e  h o r i z o n t a l  
coiriponent o f  the  e l e c t r i c  f i e l d  v e c t o r  (no t  shown) becomes s u f f i c i e n t  
i n  the v i c i n i t y  o f  the downward propagat ing  p a r t  of  t h e  path so t h a t  
t h e  channel i s  d e f l e c t e d  t o  t h e  l e f t  as t e r m i n a t i o n  takes place. The 
t o t a l  pa th  l e n g t h  o f  the  d ischarge channel i n  t h i s  ins tance was 
2682 meters. 

The p a r a m e t e r i z a t i o n  o f  t h e  l i g h t n i n g  process was completed by 
s p e c i f y i n g  t h e  manner i n  which t h e  charge c rea ted  a long t h e  channel 
i s  r e d i s t r i b u t e d  i n t o  t h e  environment. 
approached i n  t h e  f o l l o w i n g  manner. Us ing ideas f rom Kasemir (1960, 
1984), we assume t h a t  t h e  l i g h t n i n y  channel i s  go ing t o  be e lec-  
t r i c a l l y  n e u t r a l  over  i t s  e n t i r e  length ,  i n d i c a t i n g  t h e  d e p o s i t i o n  o f  
equal amounts o f  p o s i t i v e  and n e g a t i v e  charge a long t h e  two p o r t i o n s  
o f  t h e  s imu la ted  discharge. I n  t h e  model, t h i s  charge d e p o s i t i o n  i s  
accomplished by assuming t h a t  t h e  charge d e n s i t y  per  u n i t  l e n g t h  a long 
t h e  channel i s  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  between t h e  ambient 
p o t e n t i a l ,  4 ( i n  V o l t s ) ,  a t  t h e  g r i d  p o i n t  i n  ques t ion  and t h e  
p o t e n t i a l ,  ,+o, a t  t h e  i n i t i a t i o n  p o i n t  o f  t h e  discharge. Thus 

This  aspect o f  t h e  problem was 

where Qo i s  t h e  l i n e a r  charge d e n s i t y  a t  a p o i n t  a lony t h e  channel, 
and k i s  a p r o p o r t i o n a l i t y  constant  ( farads/m).  The negat ive  s i g n  
assures t h a t  t h e  charge depos i ted  a long t h a t  p o r t i o n  o f  t h e  channel 
i s  b a s i c a l l y  oppos i te  i n  s i g n  t o  t h e  ambient ne t  charge i n  t h a t  g r i d  
volume, s i n c e  t h e  s i g n  o f  t h e  p o t e n t i a l  and t h e  charge r e s p o n s i b l e  
f o r  t h a t  p o t e n t i a l  a r e  g e n e r a l l y  t h e  same. 

The a p p l i c a t i o n  o f  Eq. ( 2 0 )  r e s u l t s  i n  a charge d i s t r i b u t i o n  
a long t h e  channel s i m i l a r  t o  t h a t  shown i n  F i g .  7 between t1.2 and 
-1.5 km. The two t a i l s  ex tend ing  beyond these p o i n t s  i n  F ig .  7 w i l l  
be exp la ined subsequent ly.  
and t h e  t e r m i n a t i o n  c r i t e r i o n  f o r c e s  t h e  channel pa th  t o  s top  a t  a 
s p e c i f i c  g r i d  p o i n t  ( n o t  a t  t h e  exact  p l a c e  where t h i s  c r i t e r i o n  i s  
j u s t  inet), charge n e u t r a l i t y  which i s  r e q u i r e d  by t h e o r y  i s  n o t  
guaranteed by t h i s  process. I n  o rder  t o  overcome t h i s  d i f f i c u l t y ,  
we a r b i t r a r i l y  extend t h e  channel pa th  f o u r  g r i d  p o i n t s  beyond t h e  
des ignated t e r m i n a t i o n  p o i n t  a t  each end. We f i r s t  i n t e g r a t e  over  t h e  
channel pa th  t o  f i n d  t h e  t o t a l  charge depos i ted  on t h e  s e c t i o n s  o f  
o p p o s i t e  p o l a r i t y .  We t h e n  compare these two and, a t  t h e  end o f  t h e  
p a t h  segment hav ing t h e  g r e a t e s t  t o t a l  charge magnitude, we cause an 
e x p o n e n t i a l l y  decreas iny amount of charge t o  be deposi ted over  t h e  
f o u r  a d d i t i o n a l  g r i d  p o i n t s  u s i n y  t h e  f o l l o w i n g  express ion 

Since we are  work ing w i t h  a d i s c r e t e  g r i d  
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where j = n + l ,  ..., n+4, On i s  t h e  l i n e a r  charge d e n s i t y  (C/m) a t  t h e  
t e r m i n a t i o n  p o i n t  of t h d t  segment [as determined by E q .  ( Z O ) ] ,  A i s  
t h e  g r i d  spacing, and k i s  chosen such t h a t  Qn+4 = Qn/lOOO. 
segment o f  charge d e n s i t y  i s  i n t e g r a t e d  t o  o b t a i n  t h e  t o t a l  charge 
depos i ted  a long t h e  segment o f  t h a t  p o l a r i t y .  We then c a l c u l a t e  t h e  
abso lu te  d i f f e r e n c e  between t h e  charge r e s i d i n g  on t h e  completed 
segment and the  charge r e s i d i n g  on t h e  segment of oppos i te  p o l a r i t y .  
Th i s  d i f f e r e n c e  i s  used as a bas i s  f o r  c a l c u l a t i n g  a charge d e n s i t y  
decrease over t h e  four  y r i d  p o i n t s  a t  t h e  end o f  t h e  remain ing 
s eginen t . 

Th is  new 

As w i t h  t h e  charye c a l c u l a t i o n s  on t h e  i n i t i a l  channel, a 
t r a p e z o i d a l  i n t e g r a t i o n  i s  performed u s i n g  Eq. (21)  t o  represent  t h e  
charye decrease over  t h e  four  g r i d  po in ts .  An i t e r a t i v e  process 
(Newton-Raphson) i s  used on t h e  i n t e g r a t i o n  scheme w i t h  t h e  exponen- 
t i a l  f a c t o r  k be ing  t h e  unknown q u a n t i t y .  By v a r y i n g  k, t h e  r a t e  o f  
decrease of charge d e n s i t y  away from t h e  i n i t i a l  endpoint  o f  t h e  
segment i s  c o n t r o l l e d  and t h e  t o t a l  a d d i t i o n a l  charge d i s t r i b u t e d  o f f  
t h e  end of t he  segment can be se t  so t h a t  t h e  t o t a l  charge o f  t h a t  
segment j u s t  balances t h e  t o t a l  charge on t h e  o t h e r  segment. By t h i s  
procedure, t h e  n e u t r a l i t y  o f  t h e  d ischarge channel i s  obta ined over  
t h e  d i s c r e t e  g r i d .  

F i g u r e  7 shows t h e  l i n e a r  charge d e n s i t y  c a l c u l a t e d  a long  t h e  
channel u s i n g  E q .  (20)  and a va lue o f  k = 2.5 x 10-11 farads/m. The 
o r i g i n a l  channel i s  d e l i n e a t e d  by t h e  2 v e r t i c a l  bars on t h e  h o r i -  
zon ta l  ax i s .  The e f f e c t  of t h e  charge ba lanc ing  procedure i s  ev iden t  
a t  t h e  2 t a i l s .  The t o t a l  channel l e n g t h  i s  n e a r l y  4.5 km. F o r  t h i s  
p a r t i c u l a r  d ischarge (va lue  of k ) ,  t h e  t o t a l  charge t r a n s f e r r e d  i s  
12 C. 
i t  i s  no t  an unreasonable value. 

Th is  may be a b i t  h i g h  f o r  an i n t r a c l o u d  d ischarge;  however, 

To t h i s  p o i n t ,  we have t h e  l i g h t n i n g  d ischarge represented  as a 

I n  o r d e r  t o  a l l o w  t h i s  d ischarge t o  i n t e r a c t  
p a t h  on t h e  d i s c r e t e  g r i d  w i t h  a l i n e a r  charge d e n s i t y  a t  every y r i d  
p o i n t  a long t h e  path. 
w i t h  t h e  o t h e r  model parameters, we need t o  make some f u r t h e r  modif i -  
c a t i o n s .  The d i s c r e t e  d ischarge pa th  represents  a l i n e  ( 1 D )  source i n  
t h e  20 model. Because of t h e  numerical methods employed i n  t h e  model 
c a l c u l a t i o n s ,  t h e  sudden appearance o f  a l i n e  source o f  i ons  would 
represent  a shock which the  model cou ld  no t  accommodate. I n  o r d e r  t o  
make t h e  channel i o n  p roduc t i on  t r a c t a b l e  f o r  t h e  model numerics, t h e  
charye must be d i s t r i b u t e d  t o  some of t h e  g r i d  p o i n t s  ad jacent  t o  t h e  
channel path. A minimum o f  t h r e e  g r i d  p o i n t s  must be i n v o l v e d  f o r  
numer ica l  s t a b i l i t y ,  t h e  channel pa th  i t s e l f  and one g r i d  p o i n t  on 
each s ide.  We have chosen t o  employ a t o t a l  o f  9 g r i d  p o i n t s  ( t h e  
p a t h  g r i d  p o i n t  p l u s  f o u r  on each s i d e )  t o  represent  t h e  charge 
d i s t r i b u t i o n .  
t h e  decay o f  t h e  magnitude as a f u n c t i o n  o f  d i s tance  away f rom t h e  
channel, again w i t h  Qn+4 = Qn/lU00. For  e i t h e r  a v e r t i c a l  o r  d iagonal  
p a t h  o r i e n t a t i o n ,  t h e  charge spreading i s  done i n  a h o r i z o n t a l  
d i r e c t i o n .  

An express ion  i d e n t i c a l  t o  Eq. (21)  i s  used t o  s p e c i f y  
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One a d d i t i o n a l  c o n s i d e r a t i o n  must be made. The charge d e n s i t y  
along t h e  channel i s  expressed i n  terms o f  C/m. 
tw converted i n t o  an i o n  d e n s i t y  ( ions/m3). The l i n e a r  charye den- 
s i t y ,  expressed by Qn, represents  t h e  charge d e n s i t y  th rough a g r i d  
vulunie which surrounds t h e  g r i d  p o i n t  and, t h e r e f o r e ,  can be conver ted  
t o  an e q u i v a l e n t  vo lumet r i c  charge dens i t y ,  assuming t h a t  t h e  charge 
i s  d i s t r i b u t e d  u n i f o r m l y  throughout t h e  g r i d  volume i n  quest ion.  I n  
a d d i t i o n ,  when we undertake t o  d i s t r i b u t e  t h e  l i n e  charge l a t e r a l l y  
away from t h e  d ischarge path, we would a r t i f i c i a l l y  c r e a t e  charge 
i f  we do no t  t ake  steps t o  m a i n t a i n  charge conservat ion.  
charge conserva t i on  can be accompli shed d u r i n g  t h e  spreadi  ng by 
adop t ing  t h e  f o l l o w i n g  procedure. 

Th is  must u l t i m a t e l y  

However, 

F i g u r e  8 i s  a r e p r e s e n t a t i o n  o f  t h e  charge conserva t i on  concept. 
on represents  the l i n e a r  charge d e n s i t y  a t  a p a r t i c u l a r  g r i d  p o i n t  
a long t h e  d ischarge path. Assuming t h a t  Qn represents  t h e  charge 
d i s t r i b u t i o n  i n  t h e  g r i d  volume AXAYAZ sur round ing  t h e  g r i d  p o i n t ,  
t hen  t h e  t o t a l  charge i n  t h e  g r i d  volume i s  

where a1 i s  t h e  l e n y t h  o f  t h e  d ischarge path segment f o r  t h a t  g r i d  
volume. Because we a re  u s i n g  a two-dimensional model, we must 
generate a f i c t i t i o u s  volume w i t h  which t o  work. 
s t r i c t  sense, t h e  adopt ion  o f  s l a b  symmetry f o r  t h e  21) model i m p l i e s  
an i n f i n i t e  ex tens ion  t o  a l l  model f e a t u r e s  i n  t h e  y - d i r e c t i o n ,  we 
choose here t o  adopt a concept o f  i n f i n i t y  which encompasses o n l y  t h e  
range of i n f l u e n c e  of t h e  process be ing  considered. Since we a r e  
employing a 9 g r i d  p o i n t  spread ing  procedure i n  t h e  x - d i r e c t i o n ,  we 
hypo thes i ze  a 9 g r i d  p o i n t  spreading i n  t h e  y - d i r e c t i o n  a l s o  t o  
comprise t h e  i n f l u e n c e  volume. 

Although, i n  a 

I n  F i g .  8, t h e  r e c t a n g u l a r  volume a t  t h e  center  represents  the 
t o t a l  charye assoc ia ted  w i t h  t h e  g r i d  volume i n  quest ion.  The t w o  
Gaussian t ype  curves represent  t h e  r e d i s t r i b u t i o n  o f  t h a t  charge over 
t h e  9x9 r e c t a n g u l a r  g r i d  a r r a y  sur round ing  t h e  g r i d  p o i n t  where t h e  
t o t a l  charye i n  both d i s t r i b u t i o n s  i s  t h e  same. 

Ma themat i ca l l y  t h e  procedure i s  developed as fo l l ows .  The t o t a l  
charye under t h e  two d i s t r i b u t i o n s  i s  equated such t h a t  

which becoines 
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: D e p i c t i o n  o f  t h e  three-d imensional  charge spreading procedure. F he t o t a l  charge i n  t h e  r e c t a n g u l a r  volume and under t h e  s u r f a c e  
d e f i n e d  by t h e  Gaussian curves are  equal. 
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which can be separated t o  y i e l d  

Here, 0 '  i s  t h e  magnitude o f  t h e  charge d e n s i t y  ( C / m 3 )  a t  t h e  g r i d  
p o i n t  under c o n s i d e r a t i o n  which w i l l  r e s u l t  i n  t h e  same t o t a l  charge, 
UT, when d i s t r i b u t e d  under t h e  exponent ia l  d i s t r i b u t i o n  r u l e .  

The two i n t e g r a l s  a re  eva lua ted  u s i n g  6 p o i n t  Gauss-Legendre 
Quadrature w i t h  k l  = k,, y i e l d i n g  a f a l l  o f f  t o  1/1000 o f  t h e  c e n t r a l  
p o i n t  va lue a t  t h e  4 t h  g r i d  p o i n t  [see d i s c u s s i o n  f o l l o w i n g  Eq. (21)]. 
The r e s u l t  of t h i s  i n t e g r a t i o n  y i e l d s  a r e l a t i o n s h i p  between Q '  and Qn 
such t h a t  0 '  = Qn/2.909 x 105. 
a t  a g r i d  p o i n t  may e a s i l y  be conver ted t o  a v o l u m e t r i c  charge d e n s i t y  
spread ou t  l a t e r a l l y  away froin t h e  d ischarye  pa th  i n  a manner i d e n t i -  
c d l  t o  Eq. ( Z l ) ,  b u t  w i t h  Q '  r e p l a c i n g  Qn. F i g u r e  9 shows t h e  r e s u l t s  
o f  t h e  h o r i z o n t a l  spreading of t h e  charge d i s t r i b u t i o n  d e p i c t e d  i n  
F ig .  8. Because o f  t h e  exponent ia l  f a l l  o f f ,  most o f  t h e  charge i s  
concent ra ted  nearest  t o  t h e  main channel. The upper p o r t i o n  o f  t h e  
channel c o n t a i n s  negat ive  charge and t h e  lower  p o r t i o n  i s  p o s i t i v e .  
T h i s  process conserves the  o r i g i n a l  t o t a l  charge t r a n s f e r r e d  by t h e  
d ischarge.  

Therefore,  t h e  l i n e a r  charye d e n s i t y  

Each c a l c u l a t e d  g r i d  p o i n t  charge d e n s i t y  must be conver ted  t o  an 
e q u i v a l e n t  i o n  dens i ty .  T h i s  i s  accomplished by d i v i d i n g  each charge 
magnitude by t h e  e l e c t r o n i c  charge, e = 1.6 x 10-19 C/elect ron,  
assuiiiing t h a t  a l l  t h e  ions  produced a r e  s i n g l y  charged. The i ons  
r e s u l t i n g  frorri t h e  r e d i s t r i b u t i o n  process a r e  then added i n t o  t h e  
ambient i o n  f i e l d s  as they e x i s t  a t  t h a t  p o i n t  i n  t h e  s imu la t ion .  
Wi th  t h e  i o n  f i e l d s  mod i f ied ,  a new t o t a l  charge d e n s i t y  i s  ca lcu-  
l a t e d ,  then Poisson 's  equat ion  i s  employed t o  diagnose a new p o t e n t i a l  
f i e l d  f ro in which t h e  m o d i f i e d  e l e c t r i c  f i e l d  components a r e  c a l c u l a t e d .  
Th is  completes t h e  d ischarye  process i n  t h e  model and t h e  t i m e  marching 
i s  resumed. The ions  which were i n j e c t e d  i n t o  t h e  c loud a long t h e  
d ischarge pa th  i n t e r a c t  w i t h  t h e  charged hydroineteors i n  subsequent 
t i m e  steps and c o n t i n u e  t o  modi fy  t h e  charge d i s t r i b u t i o n  and t h e  
r e s u l t i n g  e l e c t r i c  f i e l d s .  
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4 . 3  Experi inents --- w i t h  t h e  L i g h t n i n g  Parameter iza t ion  

4.3.1 Charge t r a n s f e r  parameter study 

The f i r s t  experiment performed w i t h  t h e  p a r a m e t e r i z a t i o n  scheme 
used t h e  va lue  of k r e f e r r e d  t o  above and r e s u l t e d  i n  a very s t r o n g  
i n f  1 uence on t h e  subsequent e l  e c t  r i  f i c a t  i on. 
decided t o  t r y  a s e r i e s  o f  k values t o  see how d i f f e r i n g  amounts o f  
charye t r a n s f e r  a f f e c t e d  t h e  e l e c t r i c a l  behavior.  Us ing 10 values o f  
k rang ing  f rom 2.5 x (weak charge t r a n s f e r )  t o  2.5 x 10'11 
( s t r o n g  charye t r a n s f e r ) ,  we found a v a s t l y  d i f f e r e n t  charac ter  t o  t h e  
e l e c t r i c a l  s t r u c t u r e  of t h e  cloud. These r e s u l t s  ranged f rom a minor  
p e r t u r b a t i o n  f o r  t h e  weak cases t o  a complete dominat ion o f  t h e  charge 
s t r u c t u r e  and e l e c t r i c a l  e v o l u t i o n  f o r  t h e  s t r o n g e s t  cases. The 
19 J u l y  CCOPE s i m u l a t i o n  was used as t h e  framework f o r  these 
exper iments.  

Because o f  t h i  s , we 

F o r  de l i ionst rat ion purposes, some aspects of f o u r  of t h e  cases 
have been chosen t o  i l l u s t r a t e  these d i f f e r e n c e s .  I n  t h e  f o l l o w i n g  
graphs, t h e  numerical  l a b e l s  represent  t h e  f o l l o w i n g  values o f  k [ i n  
Eq. ( 2 0 ) ]  and amounts o f  charge t r a n s f e r r e d :  

1 -> k = 2.5 x 10-11, 12 C O U l  

2 -> k = 2.5 x lo- '* ,  1.2 C O U l  

5 -> k = 1.0 x 10- l1,  4.8 COul 

7 -> k = 1.5 x 10-11, 7.2 C O U l .  

F i g u r e  10 shows t h e  v a r i a t i o n  o f  t h e  maximum snow charge 
d e n s i t y  ( a ) ,  t h e  maxiinun negat ive  v e r t i c a l  ( b ) ,  and maximum n e g a t i v e  
h o r i z o n t a l  ( c )  e l e c t r i c  f i e l d  s t r e n g t h s  f o r  a p e r i o d  o f  30 seconds 
f o l l o w i n g  t h e  t i m e  o f  t h e  s imu la ted  l i g h t n i n g  d ischarge f o r  each o f  
t h e  f o u r  cases l i s t e d  above. The m a j o r i t y  o f  t h e  snow i n  t h e  simu- 
l a t e d  c loud i s  charged positively as a r e s u l t  of r i m i n g  e l e c t r i f i c a -  
t i o n .  The l i g h t n i n g  d ischarye  occurs i n  t h e  r e g i o n  o f  maximum snow 
charye d e n s i t y  w i t h  bo th  p o s i t i v e  and n e g a t i v e  i o n s  b e i n g  depos i ted  
ainonyst the p o s i t i v e l y  charged snow. The negat ive  l i g h t n i n g  i o n s  a r e  
fori i ied i n  the  r e y i o n  of maximal ly charged snow. F i g u r e  11 shows t h e  
snow charge d e n s i t y  b e f o r e  and a f t e r  t h e  d ischarge f o r  case 5. 
F i g u r e  l o a  shows t h a t ,  i n  a l l  f o u r  cases, t h e  negat ive  i o n s  a t t a c h  t o  
t h e  Snow p a r t i c l e s  t o  reduce t h e  maximum charge dens i ty .  For  t h e  
wedkest case ( 2 ) ,  t h e  e f f e c t  i s  very smal l  and t h e  e l e c t r i c a l  pro- 
cesses tend t o  r e t u r n  t o  t h e i r  p rev ious  s t a t e .  For  t h e  i n t e r m e d i a t e  
cases ( 5  and 7 ) ,  t h e r e  are s u f f i c i e n t  negat ive  i o n s  f o r  t h e  at tachment 
process t o  c o n t i n u e  t o  erode t h e  charge on t h e  snow. 
s t r o n g e s t  case ( l ) ,  t h e  t r e n d  i s  t h e  same i n i t i a l l y ,  b u t  then shows a 
l a r y e  inc rease i n  t h e  snow charge. 
t h i s  p l o t  a re  t h e  -- domain maximum values, t h i s  l a r g e  inc rease repre-  
sents  the  e f f e c t  o f  t h e  at tachment o f  p o s i t i v e  i o n s  from t h e  lower  
p o r t i o n  of t h e  channel t o  snow p a r t i c l e s  lower  i n  t h e  cloud. Whi le  
t h e  o r i y i n a l  maximuni charge r e g i o n  has been eroded by t h e  n e g a t i v e  

For  t h e  

Because t h e  da ta  used t o  make up 
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F i g .  10: 
nega t i ve  v e r t i c a l  e l e c t r i c  f i e l d  ( b ) ,  and maximum nega t i ve  h o r i z o n t a l  
e l e c t r i c  f i e l d  ( c )  f o r  30 sec f o l l o w i n g  t h e  d ischarge f o r  four 
experiments. 

Domain maximum p o s i t i v e  snow charge d e n s i t y  (a ) ,  maximum 
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produces i ons (bo th  pos i t i  ve and negat i ve) i s  apparent. 

Snow charge d e n s i t y  a t  58.5 min (be fore  l i g h t n i n g )  and 
S o l i d  l i n e s  represent  p o s i t i v e  

The attachment o f  l i g h t n i n g  
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a new r e g i o n  o f  p o s i t i v e  maximum has been created. F i g u r e  11 
t h e  r e s u l t s  o f  t h e  d ischarge i o n  i n j e c t i o n  on t h e  snow charge 
30 seconds. 

gure 1Ob shows the e f f e c t  o f  t h e  d ischarge ions  on t h e  maximum 
ve v e r t i c a l  e l e c t r i c  f i e l d  component. The weak and i n t e r m e d i a t e  
rges a l l  e x h i b i t  a tendency t o  reduce t h e  f i e l d  s t rength ,  w i t h  

s t r o n y e r  d ischarges e x h i b i t i n g  t h e  s t r o n g e r  tendency. T h i s  seems 
i n t u i t i v e l y  s a t i s f y i n y  because we t e n d  t o  t h i n k  o f  l i g h t n i n g  as a c t i n g  
t o  reduce t h e  e l e c t r i c a l  s t r e s s  i n  a cloud. For  t h e  s t r o n g  case, how- 
ever,  t h e  r e s u l t s  a r e  somewhat unexpected. Here t h e r e  i s  an i n i t i a l  
-- increase i n  t h e  magnitude of t h e  negat ive  f i e l d  component fo l lowed by 
a r e t u r n  t o  a near steady s t a t e  a t  almost t h e  i n i t i a l  value. Examina- 
t i o n  o f  t h e  s t r u c t u r e  o f  t h e  v e r t i c a l  f i e l d  component f o r  cases 2, 5, 
and 7 shows t h a t  t h e  l i y h t n i n y  causes an ever  i n c r e a s i n g  p e r t u r b a t i o n  
on t h a t  s t r u c t u r e ;  however, f o r  case 1 an e n t i r e l y  d i f f e r e n t  s t r u c t u r e  
i s  e s t a b l i s h e d  by t h e  discharge. 

F i g u r e  lOc, which shows t h e  maximum n e g a t i v e  h o r i z o n t a l  e l e c t r i c  
f i e l d  component, f u r t h e r  demonstrates t h e  t r a n s i t i o n  f rom p e r t u r b a t i o n  
t o  dominat ion.  Here, o n l y  t h e  weak case shows a decrease i n  t h e  f i e l d  
s t r e n g t h  w i t h  a r a p i d  r e t u r n  t o  t h e  slow f i e l d  bu i ldup.  The two 
i n t e r m e d i d t e  cases bo th  show an increase i n  t h e  f i e l d  s t r e n g t h  imme- 
d i a t e l y  f o l l o w i n g  t h e  d ischarge;  however, case 5 t h e n  shows a f i e l d  
r e d u c t i o n  below t h e  i n i t i a l  value, w h i l e  case 7 cont inues  t o  m a i n t a i n  
f i e l d  s t r e n g t h s  g r e a t e r  than t h e  i n i t i a l  value. The s t r o n g  case shows 
a drd inat ic  inc rease i n  t h i s  f i e l d  component and main ta ins  t h e  
inc reased magnitudes. 

4.3.2 Comparison w i t h  l i g h t n i n g  induced e l e c t r i c  f i e l d  changes 

These w ide ly  v a r y i n g  r e s u l t s  l e d  us t o  conclude t h a t  t h e r e  was a 
g r e a t  deal  t h a t  we d i d  no t  understand about how t h e  l i g h t n i n y  d ischarge 
operates i n  nature.  Therefore, we saw t h a t  t h e r e  was a need t o  
c o n t i n u e  t o  study how t h e  p a r a m e t e r i z a t i o n  scheme worked w i t h i n  t h e  
c o n t e x t  of the'model and what t h e  var ious  r e s u l t s  meant r e l a t i v e  t o  an 
a c t u a l  thunderstorm. U n f o r t u n a t e l y ,  i n  o r d e r  t o  i n t e r p r e t  our  r e s u l t s  
as t o  t h e i r  meaning w i t h i n  t h e  realm o f  a c t u a l  storms, we needed t o  
have a c t u a l  observa t ions  f o r  comparison. T h i s  i s  one o f  t h e  problems 
c o n f r o n t i n g  our i n v e s t i g a t i o n s .  There are  very few a c t u a l  i n  s i t u  
observa t ions  of l i g h t n i n g  and i t s  e f f e c t s  on t h e  e l e c t r i c a l  s t r u c t u r e  
o f  thunderstorms. Most o f  t h e  measurements t h a t  a re  a v a i l a b l e  a r e  o f  
t h e  chanye i n  t h e  e l e c t r i c  f i e l d  assoc ia ted  w i t h  l i g h t n i n g  made by 
s u i t a b l y  equipped b a l l o o n s  o r  a i r c r a f t  which happen t o  be f l y i n g  i n  t h e  
v i c i n i t y  o f  d ischarge. 
case as a framework w i t h i n  which t o  develop t h e  l i g h t n i n g  
Parameter izat ion,  one such observa t ion  was a v a i l a b l e .  

I n  t h e  case o f  our  use o f  t h e  19 J u l y  CCOPE 

I l u r i n y  t h e  CCOPE exper iment,  t h e  Nat iona l  Center f o r  Atmospheric 
Research f l e w  a s a i l p l a n e  equipped w i t h  a c y l i n d r i c a l  f i e l d  m i l l  f o r  
measuriny two components o f  t h e  e l e c t r i c  f i e l d .  Th is  s a i l p l a n e  took  
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measurements d u r i n g  an ascent i n  t h e  u p d r a f t  o f  t h e  19 J u l y  c loud and 
d u r i n g  two passes a long t h e  p e r i p h e r y  o f  t h e  c loud a f t e r  e x i t i n g  t h e  
i i p d r d f t .  One pass was made a long t h e  edge o f  t h e  c loud a t  an a l t i t u d e  
o f  5.3 kin MSL (4.5 km AGL i n  t h e  model) and de tec ted  an apparent 
i n t r d c l o u d  discharye. The e l e c t r i c  f i e l d  recorded by t h e  s a i l p l a n e  
d u r i n g  i t s  pass a long t h e  c loud edge i s  shown i n  F ig .  12, which i s  
reproduced from Fig.  9 o f  Dye -- e t  a1 . (1986). 
i n  t h e  h o r i z o n t a l  f i e l d  component j u s t  a f t e r  1637 MDT l e d  them t o  i n f e r  
t h e  occurrence o f  an i n t r a c l o u d  discharge. 

The sharp d i s c o n t i n u i t y  

I n  o rder  t o  compare t h i s  observa t ion  w i t h  t h e  model s i m u l a t i o n ,  we 
had t o  e s t a b l i s h  a p o i n t  i n  t h e  model domain t o  use as a re fe rence f o r  
e x t r a c t i n g  t h e  e l e c t r i c  f i e l d  data. We assumed t h a t  t h e  s a i l p l a n e  
would f l y  p e r p e n d i c u l a r  t o  t h e  model p lane ( X - Z  plane) .  
5 i inu ld ted c l o u d  boundary f o r  t h e  h o r i z o n t a l  p o s i t i o n  and an a l t i t u d e  o f  
4.4 k m  AGL f o r  t h e  v e r t i c a l  p o s i t i o n  o f  t h e  s a i l p l a n e .  
t h e  l i g h t n i n g  d ischarge i n  t h e  model, t h e  s a i l p l a n e  would measure a 
h o r i z o n t a l  e l e c t r i c  f i e l d  component o f  about 65 kV/m. The a c t u a l  
h o r i z o n t a l  component measured by t h e  s a i l p l a n e  j u s t  p r i o r  t o  t h e  
d ischarge was 7 kV/m. 
an order  o f  magnitude, t h e  h o r i z o n t a l  p o s i t i o n  o f  t h e  model sampl ing 
p o i n t  was q u i t e  a r b i t r a r y  and t h e  f i e l d  s t r e n g t h s  vary r a p i d l y  i n  t h e  
h o r i z o n t a l .  Thus, t h e  d iscrepancy i n  t h e  q u a n t i t a t i v e  aspects o f  t h e  
coinparison i s  n o t  p a r t i c u l a r l y  s i g n i f i c a n t .  
i n t r a c l o u d  d ischarye,  t h e  s a i l p l a n e  would measure a h o r i z o n t a l  f i e l d  
component va lue  o f  about 55 kV/m. The f i e l d  change due t o  t h e  
s imu la ted  i n t r a c l o u d  l i g h t n i n g  was -10 kV/m. The a c t u a l  h o r i z o n t a l  
e l e c t r i c  f i e l d  measured by t h e  s a i l p l a n e  f o l l o w i n g  t h e  d ischarge was 
2.5 kV/in, y i e l d i n g  an a c t u a l  f i e l d  change due t o  l i g h t n i n g  o f  about 
-4.5 kV/rn. 

We used t h e  

J u s t  p r i o r  t o  

Whi le t h e  modeled and observed values d i f f e r  by 

A f t e r  t h e  s imu la ted  

F i g u r e  13 i l l u s t r a t e s  t h e  t i m e  e v o l u t i o n  o f  t h e  modeled h o r i z o n t a l  
and v e r t i c a l  e l e c t r i c  f i e l d  components as might  be measured by t h e  
s , i i l p l a n e  a t  t h e  t ime o f  t h e  i n t r a c l o u d  discharge. We can compare 
these w i t h  t h e  actual  curves shown i n  F i g .  12. Allowing f o r  the 
d i f f e r e n c e  i n  magnitudes, t h e r e  i s  a h i g h  degree o f  s i m i l a r i t y  between 
t h e  two curves r e p r e s e n t i n g  t h e  h o r i z o n t a l  component. But  we a l s o  
n o t e  t h a t ,  f o r  t h e  v e r t i c a l  f i e l d  component, t h e  model r e s u l t  does n o t  
compare w e l l  w i t h  t h e  a c t u a l  s a i l p l a n e  data. T h i s  d iscrepancy may be 
t h e  r e s u l t  o f  model geometry. Since, i n  t h i s  two-dimensional model, we 
assume t h a t  t h e  c loud i s  homogeneous and i n f i n i t e  i n  t h e  Y d i r e c t i o n ,  
t h e  c loud yeometr ies a re  not  equ iva len t .  On t h e  p o s i t i v e  s i d e  we n o t e  
t h a t ,  i n  thunderc louds s t u d i e d  i n  New Mexico, b a l l o o n  borne f i e l d  m i l l s  
have recorded simultaneous d i s c o n t i n u i t i e s  s i m i l a r  t o  those i n  Fig.  13 
f o r  a1 1 t h r e e  components o f  t h e  e l e c t r i c  f i e l d  ( c f .  Weber -- e t  a1 . , 
1982). 

4.3.3 L i g h t n i n g  i o n  i n t e r a c t i o n  w i t h  c loud p a r t i c l e s  

I n  a d d i t i o n  t o  t h e  study o f  t h e  e f f e c t  o f  t h e  l i g h t n i n y  d ischarge 
on t h e  e l e c t r i c  f i e l d  s t r u c t u r e ,  another  p o i n t  o f  i n t e r e s t  was how t h e  
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Fig.  12: H e f l e c t , J i t y  contours near t h e  t i m e  of t h e  i n t r a c , o u d  
d ischdrye  w i t h  t r a c k s  of t h e  NCAR s a i l p l a n e  and t h e  Desert  Research 
I n s t i t u t e  Aerocommander superimposed. 
t h e  a i r c r a f t  on each minute. 
a r e  shown above. The d i s c o n t i n u i t y  i n  t h e  h o r i z o n t a l  f i e l d  t r a c e  i s  
ev ident .  

Arrowheads show t h e  p o s i t i o n  o f  
S a i l p l a n e  measurements o f  e l e c t r i c  f i e l d  

( E x t r a c t e d  f rom Dye -- e t  a l . ,  1986, w i t h  permiss ion) .  
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Fig.  13: Time e v o l u t i o n  o f  t h e  h o r i z o n t a l  ( A )  and v e r t i c a l  ( B )  
e l e c t r i c  f i e l d  components a t  t h e  assumed s a i l p l a n e  p o s i t i o n  
around t h e  t i m e  of t h e  l i g h t n i n g  discharge. 
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i ons  produced by t h e  l i g h t n i n g  i n t e r a c t e d  w i t h  t h e  hydrometeors i n  t h e  
cloud. Th is  i s  an area i n  which l i t t l e  i n  t h e  way of observa t iona l  
d a t a  are d v a i l a b l e ,  bu t  which lends i t s e l f  n i c e l y  t o  study w i t h i n  t h e  
inodcl. 
t h e  stori i i  a t  an a l t i t u d e  of z=4 km (AGL) and a t  7.5 second t ime  
i n t e r v a l s .  
d i scha rye  channel. The r e s u l t s  concern ing t h e  charge on t h e  c loud  
d r o p l e t s  a re  shown i n  F ig .  14, w h i l e  t h e  charge on graupel p a r t i c l e s  
i s  shown i n  F ig .  15. 

To do t h i s ,  we s imu ld ted  a number o f  a i r c r a f t  t rave rses  th rough 

The 4 kin h e i g h t  was near t h e  lower  t e r m i n a t i o n  p o i n t  o f  t h e  

Hefore  t h e  l i g h t n i n g ,  t h e  c loud water  charge has two p o s i t i v e l y  
chdryed rey ions  (one l o c a t e d  a t  x=13 km and t h e  o t h e r  a t  x=17 km) and 
two rey ions  o f  nega t i ve  charge centered  a t  x=14 and x=16.5 km, 
r e s p e c t i v e l y .  For  t h e  graupel ,  t h e r e  i s  a broad reg ion  o f  nega t i ve  
charye centered  near x=16 km. 
number o f  i o n s  (depending on t h e  amount o f  charge t r a n s f e r r e d  by t h e  
channel )  which can i n t e r a c t  w i t h  hydrometeors i n  t h e  v i c i n i t y  by t h e  
i o n  attachment process (Wi lson capture) .  I n  F ig .  14, we see t h a t  t h e  
r e y i o n  of s t rong  nega t i ve  c loud  water  charge d e n s i t y  near  t h e  l i g h t n i n g  
channel a t  x=17 kin i s  reduced r a p i d l y ,  d isappear ing  a f t e r  58.625 min, 
w h i l e  t h e  ad jacent  reg ion  o f  p o s i t i v e  charge broadens and i n t e n s i f i e s  
w i t h  t ime. R e f e r r i n g  t o  F i g .  15, we see t h a t  t h e  l i g h t n i n g  induced 
chanye i n  t h e  graupel charye d i s t r i b u t i o n  i s  i n i t i a l l y  apparent as a 
no tch  deve lop ing  i n  t h e  nega t i ve  reg ion  a t  x=17 km, t h e  channel ax is .  
We note  t h a t  t h e  e f f e c t  i s  smal l  u n t i l  t h e  nega t i ve  c loud water  r e g i o n  
has disappeared. A f t e r  t h a t  t ime,  t h e  p o s i t i v e  i o n s  which were 
produced by t h e  1 i g h t n i  ny channel i n t e r a c t  more s t r o n g l y  w i t h  t h e  
nega t i ve  yraupel  charye. A t  5 9  min, t h e  graupel charge d i s t r i b u t i o n  i s  
Charac ter ized  by two peaks. The ad jacent  reg ion  of p o s i t i v e  c loud  
water  charye becomes s t r o n g e r  d u r i n g  t h i s  t ime  per iod ,  bu t  more s lowly .  
The c loud d r o p l e t s  a re  a more e f f i c i e n t  s i n k  f o r  i ons  by t h e  attachment 
process than are  t h e  graupel p a r t i c l e s .  Th is  i s  because t h e  t o t a l  
su r face  area assoc ia ted  w i t h  t h e  c loud d r o p l e t s  i s  u s u a l l y  much l a r g e r  
than t h a t  assoc ia ted  w i t h  graupel  even when t h e  c loud water  conten t  i s  
s m a l l e r  than t h e  water  conten t  con ta ined i n  t h e  graupel. The i o n  
dttachrnent 1)rocess i s  dependent on t h e  su r face  area o f  t h e  a t t a c h i n g  
spec i es . 

The l i g h t n i n g  d ischarge produces a l a r g e  

4.3.4 Eneryy d i s s i p a t i o n  

Another way t o  check t h e  cons is tency  o f  t h e  l i g h t n i n g  
pa ra ine te r i za t i on  i s  t o  look a t  t h e  energy assoc ia ted  w i t h  t h e  
d ischarye .  It i s  w ide ly  accepted t h a t  t h e  energy f o r  t h e  l i g h t n i n g  
d ischarge i s  p rov ided  by t h e  ambient e l e c t r i c  f i e l d  o f  t h e  thunderc loud 
environincnt as w e l l  as t h e  e l e c t r i c  f i e l d  a t  t h e  t i p  o f  t h e  leader .  
The energy which i s  d i s s i p a t e d  by t h e  l i g h t n i n g  i s  used f o r  i o n i z i n g  
and h e a t i n g  t h e  channel, p roduc ing  e lec t romagne t i c  r a d i a t i o n ,  b u i l d i n g  
a magnetic f i e l d ,  p roduc ing  a c o u s t i c a l  wa es, e tc .  I n  o rde r  f o r  t h e  
pa ra ine te r i za t i on  scheme developed f o r  t h e  SEM t o  be v a l i d ,  t h e  
e l e c t r i c d l  energy d i s s i p a t e d  by t h e  model channel should agree i n  o r d e r  
o f  inagni tude w i t h  observed o r  t h e o r e t i c a l  y es t imated  d ischarge energy 
d i s s i p a t i o n .  
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F i g .  - 15: Same as i n  Fig.  14 except  f o r  t h e  charge on graupel p a r t i c l e s .  
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We know t h a t  t h e  eneryy d e n s i t y  produced by t h e  e l e c t r i c  f i e l d  can 
be c d l c u l a t e d  from t h e  f o l l o w i n g  equat ion  

where c0  = 8 . 8 6 ~ 1 0 ' 1 ~  F/m i s  t h e  p e r m i t t i v i t y  o f  a i r .  
t h i s  express ion over t h e  whole domain o f  t h e  s imu la ted  c l o u d  u s i n g  a 
numer ica l  i n t e y r a t i o n  scheme, we can get  t h e  t o t a l  e l e c t r i c a l  energy a t  
each s i m u l a t i o n  t ime. We d i d  t h i s  f o r  Case 5, which represents  a 
charye t r a n s f e r  of 4.8 Coul. A c a l c u l a t i o n  over  t h e  c loud volume 
before  t h e  l i g h t n i n g  d ischarge r e s u l t e d  i n  a t o t a l  e l e c t r i c a l  energy o f  
1.14~1010 J. 
eneryy o f  9 .4~109 J. Thus, t h e  energy d i s s i p a t e d  by t h e  l i g h t n i n g  
channel i s  about 2x109 J. I f  we cons ider  t h e  t o t a l  s imu la ted  l i g h t n i n g  
channel l e n g t h  t o  be 4280 meters (see Fig.  7 )  and assume t h a t  t h e  
eneryy d i s s i p a t i o n  a long t h e  channel i s  uni form, we c a l c u l a t e  an energy 
d i s s i p a t i o n  a long t h e  channel o f  around 4 .7~105 J/m. 

I f  we i n t e g r a t e  

The same c a l c u l a t i o n  a f t e r  t h e  d ischarge gave a t o t a l  

K r i d e r  -- e t  a l .  (1968), based on observa t iona l  data, i n f e r r e d  t h e  
eneryy d i s s i p a t i o n  a long t h e  l i g h t n i n g  channel t o  be about 2.3~105 J/m. 
H i l l  (1971) and P l o o s t e r  (1971) developed models o f  t h e  d e t a i l e d  
l i g h t n i n g  channel i t s e l f .  I n  these models, a p o r t i o n  o f  t h e  plasma 
channel was s imu la ted  w i t h o u t  c o n s i d e r i n g  any o f  t h e  env i  ronmental 
i n f  1 uences. 
d i s s i p a t i o n s  o f  1 .5~104 and 2 . 5 ~ 1 0 3  J/m, r e s p e c t i v e l y .  There i s  an 
unreso lved debate about t h e  d iscrepancy between these two model ca lcu-  
l a t i o n s  and between t h e  model c a l c u l a t i o n s  and t h e  c a l c u l a t i o n  made 
froi i i  l a b o r a t o r y  s imu la t ion .  Desp i te  t h e  s imp le  numerical  i n t e g r a t i o n  
techn ique employed i n  our c a l c u l a t i o n  and t h e  assumption o f  cons tan t  
energy d i s s i p a t i o n  a long t h e  channel, t h e  model generated energy 
d i s s i p a t i o n  i s  i n  reasonable agreement w i t h  t h e  work o f  K r i d e r .  
A l though t h e  energy e s t i m a t e  does not  agree so w e l l  w i t h  t h e  works o f  
H i l l  and P l o o s t e r ,  we f i n d  these i n i t i a l  es t imates  t o  be encouraging 
and add t o  our conf idence i n  t h e  p a r a m e t e r i z a t i o n  scheme. 

From t h e i  r model i ng they  c a l  c u l  a t e d  1 i g h t n i  ng energy 

4.4 ~ _ _ _  C 1  oud-to-Ground __- D i s c h a z  Parameter iza t ion  

Having made these t e s t s  o f  t h e  l i g h t n i n g  p a r a m e t e r i z a t i o n  scheme, 
we undertook a p r e l i m i n a r y  implementat ion o f  a c loud- to-ground 
d ischarye.  Since our t e r m i n a t i o n  c r i t e r i o n  o f  an e l e c t r i c  f i e l d  
s t r e n g t h  l e s s  than 150 kV/in  would n o t  a l l o w  a ground f l a s h  t o  occur 
i n  t h e  19 July s i m u l a t i o n  (and i n  f a c t  no such ground d ischarye  was 
observed by t h e  l i g h t n i n y  d e t e c t i o n  network i n s t a l l e d  f o r  t h e  p r o j e c t ) ,  
we hdd t o  a r t i f i c i a l l y  f o r c e  t h e  i n t r a c l o u d  d ischarye  channel t o  go 
t o  yround by i g n o r i n y  t h e  lower  t e r m i n a t i o n  c r i t e r i o n .  The remain ing 
i n i  t i  a t  i on, propagat ion,  and t e r m i  n a t i o n  c r i  t e r i  a were empl oyed as 
f o r  t h e  i n t r a c l o u d  d ischarye.  The p a r a m e t e r i z a t i o n  scheme has t o  be 
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modi f i e d  somewhat, however, when t h e  1 i g h t n i  ng channel makes 
con tac t  w i t h  t h e  ground, p a r t i c u l a r l y  w i t h  respec t  t o  t h e  charge 
r e d i  s t r i  bu t  i on. 

As our f i r s t  o rde r  dpprox imat ion,  we assumed t h a t  Eqs. ( Z O ) ,  
( 2 1 ) ,  and ( 2 5 )  were a1 1 a p p l i c a b l e  because t h e  phys i ca l  concept o f  t h e  
c loud- to-ground d ischarye  i s  t h e  same as f o r  t h e  i n t r a c l o u d  d ischarge.  
The key parameter i n  s i m u l a t i n g  a c loud- to-ground d ischarge i s  t h e  
e l e c t  r i  c po ten t  i a1 o f  t h e  1 i g h t n i  ny channel. Because t h e  1 i g h t n i  ng 
channel i s  a conductor, we have Q ~ , Q ~ ,  where O i  i s  t h e  p o t e n t i a l  o f  
t h e  i n i t i a t i o n  p o i n t  o f  t h e  l i g h t n i n g  channel. Because t h e  e a r t h  i s  
a good conductor, as soon as t h e  channel a t taches  t o  t h e  ground, bo th  
t h e  channel and e a r t h  should have t h e  same va lue  of p o t e n t i a l .  
choose t h e  yround as t h e  re fe rence p o i n t  ( ze ro  p o t e n t i a l )  f o r  t h e  
p o t e n t i a l  f i e l d  so t h e  channel exper iences a sudden change i n  p o t e n t i a l  
when ground attachment occurs. The t o t a l  charge t r a n s f e r r e d  t o  t h e  
ground due t o  t h e  c loud- to-ground d ischarye  can be w r i t t e n  as 

We 

where t h e  i n t e g r a l  i s  taken a long the channel path. 

F o r  t h i s  s imu la t i on ,  we chose k=1.5x10-11 F/m (case 7 )  as t h e  
f rairiework w i t h i n  which t o  t e s t  t h e  c loud- to-ground d ischarge.  
E q .  ( 2 7 ) ,  we ob ta ined a t r a n s f e r  of -1.5 C o f  charge t o  t h e  ground. 
T h i s  i s  w i t h i n  t h e  observed range of charye t r a n s f e r  values f o r  a 
c loud- to -ground d ischarge.  F i g u r e  16 shows t h e  t ime  e v o l u t i o n  o f  t h e  
t o t a l  charye d e n s i t y  and c loud  water  charge d e n s i t y  f o r  a one minute  
p e r i o d  f o l l o w i n g  t h e  s imu la ted  d ischarge.  F i g u r e  1 7  shows t h e  same 
h i s t o r y  f o r  t h e  h o r i z o n t a l  and v e r t i c a l  e l e c t r i c  f i e l d  components. 

Using 

As seen i n  F ig .  16, t h e  lower  p a r t  o f  t h e  channel c rea tes  a l a r g e  
number o f  p o s i t i v e  i ons  which a t t a c h  t o  and reverse  t h e  p o l a r i t y  o f  a 
p o r t i o n  of t h e  nega t i ve  c loud water  charge s t r u c t u r e  o f  t h e  lower  
c loud.  I n i t i a l l y ,  t h e  t o t a l  charge d e n s i t y  f i e l d  i s  dominated by t h e  
l i g h t n i n y  produced ions ,  a l though over  t h e  course o f  t h e  minu te  
f o l l o w i n y  t h e  d ischarye ,  t h e  o r i g i n a l  charye s t r u c t u r e  i s  seen t o  become 
inore p reva len t .  S h o r t l y  a f t e r  t h e  s imu la ted  d ischarge,  t h e  o r i g i n a l  
nega t i ve  c loud charge n e a r l y  d isappears and a new p o s i t i v e  space charge 
i s  c rea ted  on t h e  c loud water. Th i s  p o s i t i v e  charge accumulat ion 
s t r o n g l y  i n f l u e n c e s  t h e  v e r t i c a l  e l e c t r i c  f i e l d  component, as can be 
seen i n  F ig .  17. The p o s i t i v e  v e r t i c a l  f i e l d  reg ion  present  beneath 
t h e  c loud p r i o r  t o  the  d ischarye  disappears. A nega t i ve  v e r t i c a l  f i e l d  
becomes doini nant  be l  ow t h e  c loud  a f t e r  t h e  1 i g h t n i  ng. 
e l e c t r i c  f i e l d  component i s  a l s o  d r a m a t i c a l l y  changed. 

The h o r i z o n t a l  

Observat ions t y p i c a l l y  show a reve rsa l  o f  t h e  e l e c t r i c  f i e l d  (as 
measured a t  t h e  ground) f rom f o u l  weather ( p o s i t i v e )  va lues t o  f a i r  
weather (nega t i ve )  va lues f o l l o w i n g  a l i g h t n i n g  d ischarge.  Th is  abrup t  
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f i e l d  r e v e r s a l  i s  f o l l o w e d  by a gradual  recovery t o  f o u l  weather values 
i f  no o t h e r  l i g h t n i n g  occurs near i n  t i m e  t o  t h e  d ischarye  respons ib le  
f o r  the  i n i t i a l  r e v e r s a l .  As can be seen from the  maximum n e g a t i v e  
v a l i i t t c  of the  v e r t i c a l  f i e l d  component i n  F ig .  17, a recovery process 
i s  underway i n  the  negat ive  f i e l d  r e g i o n  below t h e  cloud. Whi le t h i s  
g i v e s  q u a l i t a t i v e  agreement w i t h  an observed c h a r a c t e r i s t i c  o f  
c loud- to-ground l i g h t n i n y ,  t h e  magnitudes p r e d i c t e d  by t h e  model may 
n o t  be coinparable t o  those observed. However, we must keep i n  mind 
t h a t ,  i n  t h i s  s i m u l a t i o n ,  we f o r c e d  a ground discharye. I f  one had 
been p r e d i c t e d  t o  occur n a t u r a l l y ,  t h e  r e s u l t s  may have been more 
meaningfu l .  

Another aspect o f  t h e  parameter ized d ischarge which appears i n  t h e  
s i m u l a t i o n  and has been observed t o  occur i n  a c t u a l  thunderstorms i s  
t h e  c r e a t i o n  o r  enhancement o f  t h e  lower  p o s i t i v e  charge c e n t e r  
f o l l o w i n g  l i g h t n i n g .  Holden -- e t  a l .  (1983) and Marsha l l  and Winn (1982) 
r e p o r t e d  on t h e  c r e a t i o n  o f  lower  p o s i t i v e  charge centers  i n  
t h u n d e r s t o r m  i n  New Mexico f o l l o w i n g  l i g h t n i n y  discharges. They found 
t h a t  p o s i t i v e  charge was depos i ted  on p r e c i p i t a t i o n  f a l l i n g  f rom t h e  
base o f  t h e  storms which subsequent ly f e l l  t o  t h e  ground. T h e i r  
i nst run ien ta t ion  was o n l y  capable o f  measuring t h e  charge on 
p r e c i p i t a t i o n - s i z e d  p a r t i c l e s .  I n  t h e  model r e s u l t s  shown i n  Fig.  16, 
we can c l e a r l y  see t h e  format ion o f  t h i s  p o s i t i v e  charge i n  t h e  t o t a l  
charge d e n s i t y .  Most of t h e  charge i s  a t tached t o  t h e  c loud p a r t i c l e s  
(as noted above); however, t h e r e  i s  a l s o  attachment o f  p o s i t i v e  
l i g h t n i n g  ions  t o  t h e  r a i n  f a l l i n g  i n  t h e  v i c i n i t y  o f  t h e  discharge. 
T h i s  i s  f u r t h e r  i n d i c a t i o n  t h a t  t h e  bas ic  p h y s i c a l  processes i n v o l v e d  
w i t h  t h e  l i y h t n i n g  d ischarge a r e  be ing  s imu la ted  i n  t h e  model. The 
q u e s t i o n  o f  c o r r e c t  magnitudes remains t o  be i n v e s t i g a t e d  i n  more 
d e t a i  1. 

4.5 EMA Subcontract  __ ----- 

Dur iny  t h e  t h i r d  y e a r  o f  t h i s  i n v e s t i g a t i o n ,  we engayed E l e c t r o  
Magne t i c  A p p l i c a t i o n s ,  Inc., o f  Denver, CO, under a subcont rac t  t o  a i d  
i n  i i r iproving two o f  t h e  c r i t e r i a  used i n  develop ing t h e  l i g h t n i n g  
p a r a m e t e r i z a t i o n  scheme. The f o u r  c r i t e r i a  i n v o l v e d  i n  t h e  scheme 
i n c l u d e  i n i t i a t i o n ,  propagat ion,  t e r m i n a t i o n ,  and charge r e d i s t r i b u t i o n  
which have been descr ibed i n  Sec t ion  4.2. The f i r s t  o f  EMA's e f f o r t s  
i n v o l v e d  an at tempt  t o  improve t h e  propagat ion  scheme f o r  t h e  
d ischarye.  The second e f f o r t  i n v o l v e d  i n v e s t i g a t i n y  t h e  e f f e c t  o f  
thunderstor in p a r t i c l e s  on t h e  i n i t i a t i o n  c r i t e r i o n .  

4.5.1 The l i g h t n i n g  propagat ion  model 

Under t h e  subcont rac t  , EMA devel  oped a L i  g h t n i  ng D i  scharge 
Propagat ion  Model (LDPM) f o r  i n c o r p o r a t i o n  i n t o  t h e  SEM. The purpose 
of  t h e  LDPM i s  t o  account f o r  t h e  t o r t u o u s  pa th  t h a t  i s  u s u a l l y  
fo l lowed by a l i g h t n i n g  channel. One o f  t h e  weaknesses o f  t h e  SEM 
d ischarge p a r a m e t e r i z a t i o n  scheme has been t h e  propagat ion  c r i t e r i o n  
which a r t i f i c i a l l y  c o n s t r a i n s  t h e  channel t o  f o l l o w  t h e  s i d e  o f  a g r i d  
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box, o r  i t s  d iagonal ,  dependi ny on t h e  ambient e l e c t r i c  f i e l d  d i  rec-  
t i o n .  The LIIPM scheme takes  i n t o  account t h e  e l e c t r i c  f i e l d s  c rea ted  
by the leader  t i p  and t h e  p rev ious  l eader  segment. A lso  i n c l u d e d  a re  
t t i e  e f f e c t s  o f  randoin f r e e  e l e c t r o n s  i n  t h e  v i c i n i t y  o f  t h e  l eader  t i p  
as  dn i n f l u e n c e  i n  de ter i i i i n iny  t h e  d i r e c t i o n  o f  p ropagat ion  o f  t he  
nex t  segment. 

The b a s i c  i dea  employed i n v o l v e s  c o n s i d e r a t i o n  o f  c o n d i t i o n s  i n  
p r o x i m i t y  t o  t h e  l eader  t i p .  
c o n c e n t r a t i o n  o f  charge. I n  t h e  reg ion  around t h e  t i p ,  f r e e  e l e c t r o n s  
a re  randomly generated by t h e  a c t i o n  o f  cosmic rays. These e l e c t r o n s  
a r e  acce le ra ted  i n  t h e  combined e l e c t r i c  f i e l d s  o f  t h e  ambient 
thunderstorm and t h e  leader .  I f  t h e  a c c e l e r a t i o n  i s  s t r o n g  enough, 
such e l e c t r o n s  can c o l l i d e  w i t h  and i o n i z e  n e u t r a l  a i r  molecules 
c r e a t i n g  secondary f r e e  e l e c t r o n s  which a re  subsequently i n f l u e n c e d  by 
t h e  f i e l d .  As t h e  process proceeds, an avalanche o f  e l e c t r o n s  w i l l  
occur  and t h e  a i r  w i l l  become h i g h l y  conduct ive  i n  t h e  avalanche 
r e g i  on. The LDPM a1 g o r i  thm determines which f r e e  e l e c t r o n s  w i  11 r e s u l t  
i n  t t ie  conduct ing  pa th  t h a t  w i l l  become t h e  next  l eader  step. By u s i n g  
rdndorn seeds, t h e  LDPM produces 1 i g h t n i  ng channel s whi ch propagate i n  
t h e  same general d i r e c t i o n  as t h e  o r i g i n a l  scheme used i n  t h e  SEM, bu t  
show d e v i d t i o n  froin t t ie  pa th  more remin iscent  o f  ac tua l  l i g h t n i n g .  The 
scheme has been i n c l u d e d  i n  t h e  SEM b u t  no t  as y e t  t e s t e d  on an a c t u a l  
case. A r e p o r t  d e s c r i b i n g  t h e  LDPM i n  more d e t a i l  i s  i n c l u d e d  i n  
Appendix B .  The r e p o r t  i nc ludes  severa l  f i g u r e s  which show t h e  
d i  f f e r e n c e  between t h e  o r i g i n a l  p ropagat ion  scheme and t h e  improved 
scheme. 

The leader  t i p  con ta ins  a h i g h  

3.5.2 P a r t i c l e  e f f e c t s  on l i g h t n i n g  i n i t i a t i o n  

The i n i t i a t i o n  c r i t e r i o n  used f o r  t h e  SEM r e q u i r e s  an e l e c t r i c  
f i e l d  s t r e n g t h  i n  excess o f  400 kV/m i n  t h e  c loud  domain. I n  c l e a r  a i r  
a t  a l t i t u d e s  where we would expect t o  f i n d  l i g h t n i n g ,  t h e  e l e c t r i c  
f i e l d  r e q u i r e d  t o  i n i t i a t e  a i r  breakdown would exceed 1000 kV/m. 
model c r i t e r i o n  o f  400 kV/m i s  a rough es t ima te  o f  what t h e  a c t u a l  
breakdown f i e l d  might  be i n s i d e  a thunderstorm based on observa t ions  o f  
i n - c l o u d  e l e c t r i c  f i e l d s  t h a t  have r a r e l y  exceeded 400 kV/rn. What t h e  
a c t u a l  f i e l d  s t r e n g t h  i s  a t  t h e  ac tua l  p o i n t  o f  l i g h t n i n g  i n i t i a t i o n  i s  
an open ques t i on  which may never be p r e c i s e l y  answered. 
ev idence does suggest t h a t  t h e  i n - c l o u d  breakdown f i e l d  i s  cons ide rab ly  
lowctr than t h e  c l e a r - a i r  value. One o f  t h e  most appea l ing  exp lana t ions  
f o r  t h i s  d iscrepancy i s  t h a t  t h e  hydrometeors w i t h i n  a thunderstorm, 
p a r t i c u l a r l y  t he  i c e  p a r t i c l e s ,  a c t  t o  enhance t h e  l o c a l  thunders to rm 
f i e l d  t o  the  p o i n t  where breakdown p o t e n t i a l  i s  achieved. Th is  
c o n j e c t u r e  formed t h e  bas i s  f o r  t he  EMA s tudy o f  p a r t i c l e  f i e l d  
en ha nceine n t  . 

The 

However, t h e  

T h e i r  s tudy i n v o l v e d  an examinat ion of how t h e  shape, s ize ,  and 
nuinher d e n s i t y  o f  p a r t i c l e s  a t  d i f f e r e n t  a l t i t u d e s  a l t e r e d  t h e  pure  a i r  
breakdown value. They accomplished t h i s  by l o o k i n g  a t  how t h e  e l e c t r o n  
avalanche r a t e  was a f fec ted  by t h e  va r ious  p a r t i c l e  parameters. S ince 
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a n a l y t i c a l  s o l u t i o n s  f o r  t h e  e l e c t r i c  f i e l d  enhancement around 
i r r e g u l a r l y  shaped p a r t i c l e s  such as snowflakes and i c e  c r y s t a l s  do n o t  
e x i s t ,  they  employed an approximat ion u s i n g  t h e  f i e l d  d i s t r i b u t i o n  o f  a 
s p h e r i c a l  conductor ( d i p o l e  f i e l d )  and m o d i f i e d  i t  w i t h  a d d i t i o n a l  
enhancement f a c t o r s  determined from prev ious  research. 
showed t h a t  on l y  t h e  l a r g e s t  uncharged i c e  p a r t i c l e s  were capable o f  
making s i g n i f i c a n t  reduc t i ons  i n  t h e  breakdown f i e l d .  When these 
p a r t i c l e s  were charged, t h e  reduc t i on  o f  t h e  breakdown f i e l d  showed a 
l i n e a r  dependence w i t h  p a r t i c l e  charge and t h e  enhanced f i e l d  became 
asymmetric, f a v o r i n g  one-sided corona. Whi le no t  s t u d i e d  pe r  se, t h e  
i n t e r a c t i o n s  o f  two or more p a r t i c l e s  i n  f u r t h e r  enhancing t h e  l o c a l  
f i e l d  were no ted  and suggested as be ing  i n  need o f  f u r t h e r  research. A 
r e p o r t  cove r ing  t h i s  work i s  a l s o  i nc luded  i n  Appendix C. A scheme f o r  
i n c o r p o r a t i n g  these r e s u l t s  i n t o  t h e  i n i t i a t i o n  c r i t e r i o n  o f  t h e  SEM 
w i l l  be worked ou t  a t  some f u t u r e  time. 

T h e i r  r e s u l t s  
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5. SUMMARY AND CONCLUSIONS 

The r e s u l t s  o f  t h i s  research have served two purposes. The f i r s t  
i s  y a i n i n y  an i n s i g h t  i n t o  t h e  low l e v e l  s t r i k e  environment f o r  t h e  
F106 Storm Hazards P r o j e c t  and t h e  second i s  t h e  development, f o r  t h e  
f i r s t  t ime, o f  a l i g h t n i n y  pa ramete r i za t i on  scheme w i t h i n  t h e  con tex t  
o f  a mu l t id imens iona l  c loud e l e c t r i f i c a t i o n  model. 

Wi th  regard  t o  t h e  low l e v e l  s t r i k e  environment, t h e  s i m u l a t i o n  o f  
t h e  Wallops I s l a n d  case has shown t h a t ,  w i t h i n  t h e  l i m i t a t i o n s  o f  t h e  
model phys ics,  a reg ion  o f  h i g h  e l e c t r i c  f i e l d  s t r e n g t h  does occur i n  
t h e  15-20 k f t  a l t i t u d e  range. I n  t h e  e a r l y  developmental s tage o f  t h e  
storin, t h i s  h igh  f i e l d  r e g i o n  i s  assoc ia ted  w i t h  t h e  presence o f  
yrdupel  , and p o s s i b l y  tu rbu lence,  making i t  a r e y i o n  where f l i g h t  
ope ra t i ons  would have t o  be r e s t r i c t e d .  However, i t  i s  e n t i r e l y  
p o s s i b l e  t h a t  a t  a l a t e r  t ime  i n  t h e  s torm's  l i f e  cyc le ,  such a h i g h  
f i e l d  r e y i o n  would con t inue  t o  e x i s t  w i t h o u t  be ing  accompanied by such 
t h r e a t e n i n g  c o n d i t i o n s .  I n  a d d i t i o n ,  t h e  Wallops I s l a n d  s i m u l a t i o n  was 
c h a r a c t e r i z e d  by l i t t l e  wind shear, l e a d i n g  t o  a n e a r l y  v e r t i c a l  
development o f  t h e  modeled storm. I n  a case where a s t ronger  
env i ron inenta l  shear were present ,  t h e  h i g h  f i e l d  reg ion  migh t  no t  be 
concoini t a n t  w i t h  t h e  presence o f  g raupe l  o r  t h e  graupel  p roduc t ion  
in iyh t  no t  be as heavy as i n  t h e  case s imulated.  As a r e s u l t  o f  t h i s  
i n v e s t i y a t i o n  and complementary radar  s tud ies ,  an o p e r a t i o n a l  procedure 
based on these cons ide rd t i ons  was adopted f o r  t h e  1986 f i e l d  season. 

The development o f  t he  l i g h t n i n g  pa ramete r i za t i on  scheme has been 
p i o n e e r i n y  i n  nature.  
c o n t e x t  o f  a numerical c loud  model has no t  been at tempted before.  We 
accoinpl i shed t h i s  by e s t a b l i s h i n g  c r i t e r i a  f o r  t h e  i n i t i a t i o n ,  
p ropayat ion ,  t e r m i n a t i o n  and charye r e d i s t r i b u t i o n  o f  a l i g h t n i n g  
channel. Even though t h e  pa ramete r i za t i on  i s  crude and t h e  l a c k  o f  
unders tand iny  o f  how t h e  l i g h t n i n g  mechanism a c t s  i n  a c loud  i s  g rea t ,  
t h e  s i i nu ld t i ons  and s t u d i e s  we have done w i t h  t h e  scheme a c t i v e  i n  t h e  
model have y i e l d e d  r e s u l t s  which are  q u a l i t a t i v e l y  c o n s i s t e n t  w i t h  t h e  
observa t ions  which are  d v a i l a b l e .  Because of t h e  na tu re  o f  t h i s  aspect 
o f  t h e  research, more ques t ions  have been r a i s e d  than have been 
answered; however, i t  appears t h a t  we have made a p o s i t i v e  f i r s t  s tep  
upon which t o  b u i l d  as ou r  unders tand ing  o f  l i g h t n i n g  improves. Much 
more research i n t o  t h e  storm-1 i g h t n i n y  env i  roninent i s  needed. Wi th t h e  
1 i g h t n i n y  pa ramete r i za t i on  and t h e  improvements developed th rough t h e  
EMA c o l  l a b o r a t i o n  i n c l u d e d  i n  t h e  SEM, i t  should be p o s s i b l e  t o  make a 
s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  unders tand ing  o f  t h e  thunders to rm 
env i  roninent. 

The s i m u l a t i o n  o f  a l i g h t n i n g  channel w i t h i n  t h e  
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APPENDIX A 

THE PARAMETERIZATION OF THE LIGHTNING DISCHARGE IN A 
TWO-DIMENSIONAL, TIME-DEPENDENT ELECTRICAL CLOUD MODEL 

John H. Helsdon, Jr. 

ABSTRACT 

I n  o rde r  t o  extend t h e  c a p a b i l i t i e s  o f  thunderstorm e l e c t r i f i c a t i o n  
inodels t o  s imu la te  a l l  bu t  t h e  e a r l i e s t  stages o f  a storm, it i s  
necessary t h a t  t h e  e l e c t r i c a l  s t resses  c rea ted  by an ever  i n c r e a s i n g  
e l e c t r i c  f i e l d  be r e l i e v e d  i n  some manner. I n  nature,  i t  i s  t h e  
l i g h t n i n g  d ischarge which f u l f i l l s  t h i s  need. I n  keeping w i t h  t h e  
mode ler ' s  goal o f  a t tempt ing  t o  s imu la te  n a t u r a l  processes as f a i t h -  
f u l l y  as poss ib le ,  i t  i s  necessary f o r  t h e  model, then, t o  c o n t a i n  
some paramete r i za t i on  of t h e  l i g h t n i n g  d ischarge.  

I n  t h i s  p resen ta t i on ,  a f i r s t  o rde r  a t tempt  a t  s i m u l a t i n g  t h e  
i n t r a c l  oud 1 i g h t n i  ng d i  scharge w i t h i n  t h e  con tex t  of a two-dimensional, 
t iine-dependent thunderstor in  e l e c t  r i  f i c a t  i o n  model w i  11 be d i  scussed. 
The c r i t e r i d  f o r  t h e  i n i t i a t i o n ,  d i r e c t i o n  o f  propagat ion,  t e rm ina t ion ,  
and r e d i s t r i b u t i o n  o f  charge assoc ia ted  w i t h  t h e  s imu la ted  channel w i l l  
be presented. F i n a l l y ,  t h e  e f f e c t  o f  t h e  pa ramete r i za t i on  i n  an a c t u a l  
s i m u l a t i o n  w i l l  be shown. 
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A LIGHTNING PARAMETERIZATION SCHEME IN A TWO-DIMENSIONAL, 
TIME-DEPENDENT STORM ELECTRIFICATION MODEL 

John ti. Helsdon, Jr., Richard D. Far ley ,  
and Gang Wu 

ABSTRACT 

An i l npor tdn t  c o n s i d e r a t i o n  i n  t h e  model ing o f  thunderstorm 
e l e c t r i f i c a t i o n  i s  t h e  ex is tence o f  l i g h t n i n g  i n  nature.  A model 
w i t h o u t  l i g h t n i n g  i s  o n l y  capable o f  s i m u l a t i n g  t h e  development o f  a 
s tor in  i n  i t s  e a r l y  stages (up t o  t h e  t i m e  o f  f i r s t  l i g h t n i n g ) .  S ince 
l i g h t n i n g  accounts f o r  s i g n i f i c a n t  charge rearrangement w i t h i n  a 
sturin, i t  becomes necessary t o  i n c l u d e  such processes i n  any model ing 
e f f o r t  which hopes t o  shed l i g h t  on t h e  e l e c t r i c a l  e v o l u t i o n  o f  such 
storms. I n  an at tempt  t o  make al lowance f o r  t h e  l i g h t n i n g  d ischarge 
i n  our Storm E l e c t r i f i c a t i o n  Model ( S E M ) ,  we have developed a 
s i m p l i f i e d  p a r a m e t e r i z a t i o n  scheme t o  s i m u l a t e  t h e  l i g h t n i n g  channel 
and i t s  a t tendant  charge r e d i s t r i b u t i o n .  

T h i s  p a r a m e t e r i z a t i o n  scheme has c r i t e r i a  f o r  t h e  i n i t i a t i o n ,  
propagat ion,  t e r m i n a t i o n ,  and charge r e d i s t r i b u t i o n  assoc ia ted  w i t h  
l i y h t n i n g .  I n  o r d e r  t o  s i m p l i f y  t h e  scheme as much as poss ib le ,  t h e  
f i r s t  t h r e e  c r i t e r i a  a re  a l l  dependent on t h e  s t r e n g t h  and d i r e c t i o n  
o f  t h e  e l e c t r i c  f i e l d  vector .  The propagat ion  o f  t h e  channel i s  
c a l c u l a t e d  so as t o  m a i n t a i n  o v e r a l l  charge n e u t r a l i t y  f o r  an 
i n t r a c l u u d  discharge. The charge deposi ted a long t h e  channel i s  then 
spread i n  a c o n s e r v a t i v e  manner l a t e r a l l y  away from t h e  channel over  
severa l  g r i d  p o i n t s  i n  o rder  t o  m a i n t a i n  computat ional  s t a b i l i t y .  
T h i s  d i s t r i b u t i o n  o f  charges i s  then added t o  t h e  smal l  i o n  
p o p i l l a t i o n  and a l lowed t o  i n t e r a c t  w i t h  t h e  o t h e r  charge c a r r i e r s  . .  
a s  t h e  i n t e g r a t i o n  proceeds. 

A s i i t i u l a t i o n  o f  the  19 Ju 
I i y h t n i n g  d ischarge inc luded.  
t o  deter i i i ine t h e  e f f e c t s  o f  d 
t h e  siihseqiient e l e c t r i c a l  evo 
w i  11 be discussed. 

y 1981 CCOPE case has been run  w i t h  t h e  
A paramet r ic  s tudy has been undertaken 

f f e r e n t  amounts o f  charge t r a n s f e r  on 
u t i o n .  The r e s u l t s  o f  these s i m u l a t i o n s  
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A NUMERICAL MODELING STUDY OF A MONTANA THUNDERSTORM: 
2. MODEL RESULTS VERSUS OBSERVATIONS 

INVOLVING ELECTRICAL ASPECTS 

John H. Helsdon, Jr., and R ichard  D. F a r l e y  

ABSTRACT 

I n  t h i s  i n v e s t i g a t i o n ,  we compare t h e  r e s u l t s  o f  t h e  Storm 
E l e c t r i f i c a t i o n  Model (SEM) s i m u l a t i o n  o f  t h e  19 Ju1.y Cooperat ive 
Con 
t h e  
t e r  
t h e  
t h e  
O f  
t h e  
ma i 

e c t i v e  P r e c i p i t a t i o n  Experiment (CCOPE) case s tudy c loud aga ins t  
ac tua l  observa t ions  w i t h  respec t  t o  t h e  c loud ' s  e l e c t r i c a l  charac- 
s t i c s ,  as deduced f rom t h e  da ta  o f  two a i r c r a f t .  It i s  found t h a t  
SEM reproduces t h e  bas i c  charge and e l e c t r i c  f i e l d  s t r u c t u r e  o f  
c loud  on a s i m i l a r  t ime sca le  t o  t h a t  observed. The c o m p a r a b i l i t y  
he modeled and observed values o f  f i e l d  s t r e n g t h  and charge w i t h i n  
c loud i s  d i r e c t l y  r e l a t e d  t o  t h e  p r o x i m i t y  o f  t h e  a i r c r a f t  t o  t h e  

a c t i v e  co re  of t h e  c loud. The c h a r a c t e r  o f  t h e  e l e c t r i c  f i e l d  
e x t e r n a l  t o  t h e  c loud  appears t o  be w e l l  modeled, a t  l e a s t  a t  t h e  t i m e  
o f  observat ion.  A f e a t u r e  which was no t  observed, bu t  appears i n  the 
model, i s  a charge-screeniny l a y e r  a t  t h e  t o p  o f  t h e  a n v i l .  I n  add i -  
t i o n ,  t h e  model p r e d i c t s  e l e c t r i c  f i e l d  s t reng ths  s u f f i c i e n t  t o  
i n i t i a t e  a l i g h t n i n g  d ischarge a t  approx imate ly  t h e  same t i m e  i n  
c l o u d  e v o l u t i o n  as t h a t  when an i n t r a c l o u d  d ischarge was recorded. 
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A STOCHASTIC MODEL FOR THE TORTUOUS PROPAGATION 
OF A LIGHTNING STEPPED LEADER 

The results of Task 1 produced by €MA for the referenced contract 
"Completion of a Lightning Discharge Propagation Model (LDPM)" are discussed in 
this report. A FORTRAN code has been written for this model which can be integrated 
into the South Dakota School of Mines (SDSM) timedependent Storm Electrification 
Model (SEM). The LDPM has been structured to enable its use in either a two or 
three-dimensional SEM with minor modifications. 

1. INTRODUCTION 

The LDPM is an approximation of the tortuous path of a lightning channel in 
a thunderstorm environment. Location and direction for the initial discharge point must 
be supplied as input data to the model. The discharge channel is then established as 
a series of connected stepped leader segments and propagates until certain 
termination conditions are met. All leader segments are assumed to be the same 
length and have equal charge densities. These parameters can be set to any 
values desired. While testing the LDPM, parameter values of 50 meters and 
1 millicoulomb/meter were used based on the average values published by Uman! 

The primary parameter calculated in the model is the direction for a segment 
of the stepped leader. This computation is based on the effects of random free 
electrons in the vicinity of a leader segment tip which determine the direction of the 
next stepped leader segment. The details of the direction parameters for a stepped 
leader segment will be discussed in the next section. Once this direction is 
established, position vectors for a segment can be calculated. The model is then able 
to continue the computation of the positions and directions of following stepped leader 
segments. 

~~ ' Uman, M.A., McGraw-Hill. New Yo&. 1969. 
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The remainder of this report discusses the calculations used in the LDPM, 
presents results obtained during the model tests, and provides a discussion on how 
the code is used. In addition, a listing of the code is provided. 

2. PHYSICAL CONSIDERATIONS 

Umanl discusses several theories which have been presented since the 
late 1930's to explain observed stepped leader characteristics. Although basic 
differences exist between these theories, several fundamental issues are common for 
the theories and are listed below. 

1. A stepped leader has an inner conducting core wherein most of the 
current flows. 

2. The core is surrounded by a corona region in which the electric field 
exceeds the breakdown field of air (approximately 3 x lo6  volts/meter 
for standard temperature and pressure at sea level). 

3. A mechanism exists which precedes the stepped leader to create an 
ionized channel in "virgin a i f  which provides continuation of the 
stepped leader propagation. 

4. As current flow increases into the ionized channel, a condition occurs 
whereby the conductivity increases until the channel becomes a new 
segment of the stepped leader and the end of the channel becomes the 

new tip of the leader. 

These theories agree that stepped leader segment directions are randomly 
distributed. Based on lightning channel tortuosity studies by Hill* , the mean absolute 
direction change is nearly constant from flash-to-flash and on the order of 16 degrees. 
For purposes of the LDPM, it is assumed that the randomness of the stepped leader 
direction is related to the random creation of free electrons in air due to cosmic ray 
bombardment. 

I 
Hill, R.D.. *Analysis of the Irregular Paths of Lightning Channels,'& Ge-., Vol. 73, 1968 

(pp. 1897 - 1906). 
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Issue 3 is of primary concern for this model. The stepped leader 
propagation theories often vary when describing this mechanism. The process 
occurring which results in the formation of the ionization channel ahead of the 
stepped leader tip has been more recently described by Rudolph3 from studies 
involving the interaction of lightning with aircraft in flight. 

The leader tip is a region which contains a large charge density and high 
electric field levels. Free electrons (generated by cosmic rays) in the air are 
accelerated in this high field until they collide with a neutral atom or molecule. If the 
electron’s kinetic energy is large enough at the time of the collision, the neutral particle 
can have an electron separated from it, producing a second free electron and a 
positive ion. The free electrons are then again accelerated by the field, possibly 
suffering more collisions and producing more free electrons and ions. If the rate of 
production of free electrons is larger than the rate of loss (by recombination, and 
attachment to form negative ions), an electron “avalanche” occurs, in which sufficient 
numbers of electrons and ions are produced and substantially alter the electrical 
conductivity of the air. 

In Figure 2, a free electron (at time tl) is accelerated by the electric field 
away from the leader tip. As avalanching occurs (time t2), a net positive charge is 

t 

l -  

Figures 1 and 2 illustrate how the effects of avalanching result in the 
generation of a new leader step from an existing leader tip. Figures 1 and 2 also 
illustrate the ionization path mechanisms for a negatively charged and for a positively 
charged leader tip, respectively. 

In Figure 1, a free electron (at time tl) is accelerated by the electric field 
towards the leader tip. As avalanching occurs (time t ~ ) ,  a net positive charge is formed 

in the region of the initial free electron position, This results from positive ions which 
have a much lower mobility or drift velocity than electrons. The net effect is 
neutralization of the electric field at the leader tip (time t3). The conductivity in the 

region approaches the conductivity in the inner core of the stepped leader. Thus, the 
region in which positive ions were first produced becomes the new leader tip. 

Rudolph, T., and R.A. Perala, ‘Linear and Non-Linear Interpretation of the Direct Strike Lightning 
Response of the NASA F1068 Thunderstorm Research Aircraft,’ Electro Magnetic Applications - Denver, 
EMA-83-R-21, March 21,1983. 
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formed in the region of the initial position of the free electron. Moreover, as the 
electrons move away from this region, a conducting channel is generated between the 
positive ions and electrons until the electric field between the two opposite charge 
regions is neutralized. However, the electric field is enhanced between the leader tip 
and the positive charge region and induces additional forces on the negative charge 
region around the tip. In addition, the breakdown region is extended toward the 
positive charge region. This effect is illustrated in Figure 2 at time t3 as a new 

conductive region extends the stepped leader. The leader tip occurs at the negative 
charge region created by the electrons which were first accelerated away from the 
original free electron position. 

The mechanism for extending the stepped leader is dependent on the 
location of free electrons which create a conductive channel to the leader tip. Thus, it 
is necessary to consider all free electrons and determine which one will initiate the first 
complete ionized path to the leader tip. Moreover, the algorithm used must determine 
which electron will initiate this complete ionized path in the minimum time 
(compared to other electrons). 

A rigorous mathematical treatment of the mechanisms just discussed would 
require involved calculations for the avalanche process and resultant conductivity in 
the stepped leader tip vicinity. These calculations would also involve significant 
computer time when used in the SEM. A simplified algorithm which has similar 
dependencies on the position of random electrons and the electric field around the tip 
of a stepped leader segment was developed. 

Since the drift velocities of the positive ions are significantly lower than those 
of electrons, the first simplification does not account for the mobility of resultant positive 
ions. The equation of motion for electrons generated by the avalanche is then given 
by: 

where: qe = electron charge, 
me = electron mass, 
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ET = total electric field, 
Ge = electron velocity, 
B = magnetic field, and 
v = an approximate collision frequency. 

* 

To further simplify this equation, it is assumed that the creation of electrons 
due to avalanching has progressed to a level where a collision dominated, plasma 
region exists. In turn, the electron velocity is constant and equal to the drift velocity, 
and: 

dGe - = o .  
dt 

Thus, 

where: pe = electron mobility, and 
Vd = drift velocity. 

It is assumed that the vector between the leader tip and the electron 

position can be approximated by: 

or the time necessary to create a channel can be approximated: 

It is assumed in the model that the ionized channel induced by the 
avalanching process (resulting from randomly occurring electrons) will initiate the next 
stepped leader segment in the same direction for either a positively or negatively 

B-8 



charged stepped leader segment. Thus, the model is independent of the leader tip 
charge. Based on these assumptions, the new stepped leader segment direction is 
determined by identifying the free electron in the vicinity of the previous stepped 
leader segment tip which will create an ionization path in a minimum time (compared 
to other free electrons). 

The model requires the following computations which will be discussed in 
detail in the next sections. 

3. 

a. Random generation of electrons in the vicinity of each stepped leader 
tip. 

b. Total electric field strength and direction at each electron location. 

c. The direction vector of the new stepped leader. 

LIGHTNING DISCHARGE PROPAGATION MODEL 
CALCULATIONS 

3.1 Description 

The LDPM code was written to predict the tortuous path of a lightning 
channel based on the physical considerations in Section 2. The routine is 
programmed to calculate the parameters for each stepped leader segment. 

3.1.1 Random Electron Generation 

A Monte Carlo technique was used to generate the random locations of free 
electrons within a sphere around each leader segment tip. The ambient electron 
density is assumed to be .2 electrons/m3. The size of the sphere is dependent upon 
the number of free electrons. Each model run in this report considered 500 random 
electrons around each tip. Thus, the sphere centered at the leader tip was required to 
have a radius of 8.419 meters. 
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A seed integer is also required for the Monte Carlo routine. This seed 
controls the random placement of electrons. Different seeds will produce different sets 
of electron locations. 

3.1.2 Total Electric Field Calculation 

The total electric field strength and direction was computed for each electron 
location generated by the Monte Carlo technique. The electric field at any electron 
location should be the resultant of the ambient field and the fields due to the previous 
leader segments. The model code was tested to incorporate the effects of the previous 
leader segments and the ambient field in the electric field calculation. It was observed 
that t h i s  calculation only required the ambient electric field and the electric field 
components due to the two leader segments closest to the electron. Electric fields 
caused by segments further away did not affect the modeled lightning path 
significantly. The total resultant electric field at a location (x,y,z) in the vicinity of the ith 
stepped leader segment is stated below: 

The general equation for the electric field at any point in space due to a line 
charge is given below and is illustrated by Figure 3. 

The electric field at any point in space due to the line charge element Ad1 is: 

A Ad1 (i - 7) 
dE = ; h = chargehnit length . 

4xE0 I ;-?I3 

Thus, the electric field at point p due to the total line charge is: 

- (6 + I;) 
dl . dL I T -  (6 + 16113 

h -+ 
E =  

47% 

(7) 
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L = Stepped Leader Segment Length 

dl = Unit Stepped Leader Segment Length 

u = Unit Direction Vector of Stepped Leader Segment 
.b 

Y ’  

Figure 3. Stepped Leader Segment Line Charge and 
Its Parameters in World Coordinates 

The general world coordinate solution for the electric field due to the line charge 
becomes: 

A 

4 X E o  (A2 - B2) 

+ + +  
where: A = r - R  ,and 

B = LOG. 
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Figure 4 depicts the constant electric field contours due to a line charge. 
The arrows show the direction of the electric field. 

3.1.3 Direction Vector of the New Stepped Leader Segment 

Only one of the electrons generated in the vicinity of the leader tip will 
properly satisfy the model requirements and determine the direction of the new 
stepped leader segment. For simplification, each stepped leader segment is assumed 
to be positively charged (as discussed in Section 2) for the LDPM. The new stepped 
leader segment is assumed to be initiated by the ionized path formed in the least time. 
The time to generate the ionized path is proportional to the ratio formed from the 
distance of the leader tip to the electron (re) and the resultant electric field strength (ET) 

at the electron location. This relationship was determined in Section 2 and is stated in 
Equation 5. Thus, the new stepped leader segment direction is chosen to be the 
electric field direction at the initial location of the free electron which initiates an 
ionized path in the minimum time (compared to other electrons). 

If the angle e,, formed by the ET and re vectors at the initial electron location 
is within a certain angle range, that electron will create an ionized channel to the 
leader tip along a "relatively" straight path. The time it takes to establish the ionization 
channel can be approximated using Equation (5). As 0, increases beyond this certain 

angle range, the actual path of the ionization channel along electric field lines will 
deviate from a straight line. Therefore, the actual time it takes to establish the ionized 
channel to the leader tip may be significantly greater than the time approximated by 
Equation (5). In fact, if 8, is large enough, the ionized path may not attach to the 
leader segment tip, but to some point behind the tip instead. The cosine of 8, formed 
by ET and re at any electron location is computed as follows: 

with its tip being a single point. In nature, the leader 
actually defined as a volume. In terms of the LDPM, 

A stepped leader segment is defined by the computer code as a finite length 
tip is not a single point but is 
this volume exists around the 
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leader tip point and has an electric field strength greater than 3 x 106 V/m everywhere 
inside. 

Figure 5 depicts the above concepts. The angle range parameter is 
determined by the radius of the corona region. This radius is on the order of 2 meters 
and is assumed to be the same magnitude for all leader segments in the LDPM. The 
angle range parameter was adjusted to an absolute value of 12.5 degrees. This value 
appeared to allow the lightning channel path to be reasonably tortuous. The angle 
range parameter can be changed in the LDPM as desired. However, 12.5 degrees is 
recommended, since smaller angle parameter values limit the tortuousity, while larger 
angle parameter values result in erratic tortuousity which exceeds the findings of Hill? 

Each of the 500 electrons generated by the Monte Carlo routine is tested in 
the code to determine which one is used to establish the direction of the new stepped 
leader segment. The one electron chosen must meet the following conditions: 

1. 

2. 

3. 

The initial free electron which initiates an avalanche must originate in a 
location where the electric field strength is less than 3 x 106V/m. (If the 
field was larger, the electron was assumed to be inside the corona 
region of the leader segment and was considered). 

The angle 8, formed by ET and re for an electron location must be less 
than the angle range parameter (absolute value of 12.5 degrees) 
(If 8, was greater, the electron was considered). 

Of the remaining electrons, the electron which creates an ionization 
channel to the leader tip in the least time, t (as computed in 
Equation (5)) was identified and used to calculate the new direction. 

The new stepped leader segment direction is then taken to be the direction of the total 
electric field at this "identified" electron location. 

It is important to note that, if the Monte Carlo sphere is too small, most or all 
of the random electrons will lie in a region where the electric field strength is above 
3 x 106 V/m. In turn, the model may not function properly. It was observed that a 
sphere containing 500 electrons and having a radius of 8.419 meters worked best 
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Electron 'A' will be drawn to the leader tip in time. 1. 
I can be adequately approximated in equation [5] since 8,<12.5'. 

Elearon "B' will be drawn to the leader tip along the path Jlustrated. 
The time will be significantly greater than t computed by equation [SI since e,,> 12.5'. 
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Electron 'C' will not be drawn to the leader tip at all and equation [5] does not apply. 
However, e,, ~ 1 2 . 5 '  and the electron will not be considered. 

Figure 5. Paths of Free Electrons in Vicinity of Stepped Leader Tip 
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during the LDPM development. This sphere size contained enough electrons in a 
region where the electric field was below breakdown and allowed the LDPM to 
function properly and efficiently. 

3.2 Mod el Term i n a t i o n C o nd it i on s 

The LDPM will terminate if any of the following conditions are met: 

1. The stepped leader enters a defined region (grid cell) with an ambient 
electric field less than 1.5 x 105 V/m. This termination criterion was 
based on work done by Griffiths4 involving the propagation of positive 
streamers in the laboratory, 

2. The stepped leader propagates outside the designated problem space, 

3. (Optional) The stepped leader enters a defined charged region 
(Specified grid cell). 

3.3 MODEL INPUT AND OUTPUT REQUIREMENTS 

3.3.1 Input 

The problem space is depicted as a rectangular grid either in two or three 
dimensions. The code is written to accommodate two or three-dimensional data. This 
version of the LDPM is adjusted for a two-dimensional SEM. Each grid cell has side 
lengths equal to 200 meters. This routine requires the number of grid cells along the 
x-axis (horizontal), along the z-axis (vertical), and the initial discharge coordinate (x,z). 
Ambient electric field components are required for each grid cell. The routine also 
requires a seed integer for the Monte Carlo scheme. These variables are: 

1. NCELX Number of cells along the x-axis 
Number of cells along the z-axis, NCELZ 

a Griffiths, R.F. and C.T. Phelps, "The Effects of Air Pressure and Water Vapor Content on the Propagation 
of Positive Corona Streamers and Their Implications to Lightning Initiation,' Quart. J. qpyLMBtftpLsQE., VOl 
102, 1976 (p. 41 9). 
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2. ICX, ICZ 

3. FEX(K), FEZ(K) 

4. ISEED 

For the NCAR Electricity Model: 

Initial discharge point (x,z), 

One-dimensional array of x,z ambient field 
components, and 

Monte Carlo seed integer; must be less 
than 32,000. 

1. NCELX=97; 
2. ICX=86; 

NCELZ = 97 
ICZ = 31 

3. FEX(K), K = 1,9409; FEZ(K), K = 1,9409 

3.3.2 output 

The routine generates the (x,z) position in world coordinates for each 
stepped leader segment tip in the propagation path. The x and z arguments are 
written in the one-dimensional RX and RZ arrays. Coordinate va.lues x and z are given 
in meters from the origin (x = 0, z = 0). These arguments can be passed back into the 
main program and are as follows: 

1. RX(NL), RZ(NL) One-dimensional arrays of the x and z values in 
meters 

NL corresponds to the leader number (not the 
grid cell number), and 

2. NFL Integer; total number of NL leader segments. 

3.4 MODEL EXAMPLES 

Several lightning discharge propagation paths were generated and are 
shown in Figures 6 through 8. Figure 6 shows the lightning paths modeled for the 
NCAR electricity data at 58.5 minutes. The solid and dashed lines are the models 
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produced from the LDPM and the algorithm described in HeIsdon5 , respectively. The 
four plots in Figure 6 demonstrate the effects of varying S E E D  (Monte Carlo Seed for 
Generating Random Electron Locations). 

Figure 7 shows the effects of ISEED for ambient electric fields generated 
from an in-house routine. This routine creates electric fields from a set of discrete 
charge centers. Figure 8 shows the effects of varying the charge magnitudes at 
specified cells. These ambient fields were computed from the in-house routine. 

4. MODEL VERSIONS AND DATA 

The listings for three versions of LDPM are included in Appendix A of this 
report. In addition, the code used to generate ambient electric fields is included. The 
listings are as follows: 

1. LDPM - Subroutine 
Subroutine with common statements; requires the number of x cells 
(NCELX), z cells (NCELZ), the initial discharge coordinate, ambient 
electric field components at each cell, and ISEED. Passes leader tip 
locations RX(I), RZ(I) and NFL, the number of total leaders back into 
main program. 

2. LDPM.FOR 
Routine reads in ambient electric fields; requires NCELX, NCELZ, 
initial discharge coordinate, and ISEED. Calculates leader tip 
locations. 

3. LDPM - Interactive (not required by contract; used as test program) 
Interactive routine; generates ambient electric field components over 
grid from specified cells and their charge magnitudes. Requires 
NCELX, NCELZ, the initial discharge coordinate, and ISEED. Routine 
also requires coordinates of specified charge cells. Calculates leader 
tip locations. 

5 Helsdon, J.H., R.D. I-arley andG. Wu, "A Lightning Parameterization Scheme in a Two- 
Dimensional, Time-Dependent Storm Electrification Model," presented at the 1986 Conference 
on Cloud Physics, held Sept. 22-26, 1986 in Snowmass, Colorado. 
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4. EFS.DT 
NCAR ambient electric field data (58.5 minutes, unformatted) 
FEX(K), K = 1,9409; FEZ(K), K = 1,9409. 
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LDPM CODE VERSIONS 
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LDPM -SUBROUTINE 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 

C 

C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 

0RIGINA.C PAGE IS 
OF POOR QUALITY 

SUBROUTINE LDFfl 
DEVELOPED BY E.H.A. - AUGUST 1986 
SUB-PROGRAH DETERflINES DIRECTION OF NEXT LEADER SEGHENT DUE TO 
ELECTRON YHICH UILL FORB AN IONIZED PATH TO 
THE STEFPEO LEADER SEGHENT TIP IN THE LEAST TIHE 
E FIELD TOTAL = E FIELD LEADER t E FIELD PREVIOUS LEADER 

t AflBIENT E FIELD 

NCEL= # CELLS IN X AND IN Z 

NFL= TOTAL NUflkEFi OF STEPPED LEADER SEGMENTS 
ICXtICZ= RXtRZ COORD OF INITIAL CHARGE REGION 

CO~flON/~AIN/F~X~O~500~rRZ!O~~O~rFEX~9409~rFEZ~9409~ 
CO~I~~ON/VAR/HCELX~NCELZ,ICX,ICX~ICZ~NFL 
CHAEACTER840 OFILElrOFILE2 

ISEED=RANDOfl FUNCTION IIITEGER 
ISEED=30397 

OFILEl='LDPH.DAT' ! BINARY PLOTFILE OF LIGHTNING PATH 
OFILE2='LDPfl,FRINT' ! PRINT VALUES OF LIGHTNING MODEL 

INPUT VARIABLES 
CL=SEGflENT LENGTH ELAflBDA=LEADER CHARGE DENSITY 
B@F=BREAK DOUN FIELD EK=1/4PIEpso NLgLEADER 
DZ=Z CELL HEIGHT DX=X CELL YIDTH 

O=kAX ALLOUAeLE ANGLE @TU EFIELD I DIRECTION VECTORS 
NE=# FREE ELECTRONS EDXELECTRON DENSITY (*2/~tt3) 

DATA C L ~ E L A ~ B D A , B D F / S O . , ~ 0 0 ~ ~ ~ . 5 € 5 /  
DATA PI~EK,NL/3~1415??7~?.E9~0/ 
DATA DZ~DXrNEtEO~0/200.~200~~500~.2~12~5/ 
DATA EXfll~EYfll~EZHl/310~/ 
TUOPI=7.tPI 
OP=OIPI/180. 
CONST=EKtELAflEDA 
VOL=FLOAT( NE) .'ED 

KTOT=NCELXtNCELZ 
XTOT=NCELXtDX 

RADIUS=(.75rVOL/PI)tt(~~/3~) 

INITIALIZE STEPPED LEADER PROPAGATION 
INF'UT DATA: Rlr AHBIENT E FIELD, U1 
COORDINATES OF INITIAL POINT ON GRID PROBLEM SPACE 

RX(O)=DXt(FLOAT(ICX)-.5) 
RY=O. ! FOR ?D CASE; RY(O)rDYtFLOAT(ICY)-r5)t  FOR 3D CASE 
RZ!O)=DZt(FLOAT(ICZ)-.5) 

C 

C FOR 

C FOR 
C 

IC=ICXtNCELXl(ICZ-l) 
2D CASE 
ETOT=SnRT(FEX(IC)tFEX(IC)tFEZ(IC)tFU(IC)) 
30 CASE 
E T O T = S O R T ~ F E X ~ I C ~ t F E X ~ I C ~ t F E Y ~ I C ~ t F E Y ~ I C ~ t F E Z ~ I C ~ t F E Z ~ I C ~ ~  

C DEFINE UNIT VECTOR 
UX=FEX(IC)/ETOT 

UZ=fEZ(IC)/ETOT 
U Y 4 .  ! FOR ZD CASE; UYsFEY(IC)/ETOTr FOR 3D CASE 

C 
OPEN~1~FILE~OFILEl~FORH~'UNFORHATTED'rSTATUS~'NEU'~ 
OPEN(?,FILE=OFILE?ISTATUSI"EU') 

C 
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ORIGINAE PAGE IS 
C START LOOP OF POOR QUALITY 
2000 NL=NLtl 

C 
C DETERNINE CELL POSITION OF HEY LEADER SEGMENT TIP ON OVERLAY 
C USE APPROPRIATE AMBIENT E FIELD MAGNITUDE AND DIRECTION 
C K IS THE CELL NUMBER OF THE LEADER SEGMENT TIP LOCATION 

KX=ANINT((RX(NL-l)/DX)t.5) 
RZ=ANINT((RZ(NC-l)/DZ)t.5) 
K=KXtNCELXt(KZ-l) ! NEED KY FOR 3D CASE 

EFAHP=SORT[FEX(K)tFEX(K)tFEZ(K)tFEZ(K))  
C FOR 2D CASE 

c FOR 3n CASE 
C EFAflE=SORT(FEX(k)tFE:~(~)tFEY(K)tFEY(K)tFEZ(K)*FEZ(K)) 
L 

C 
C 
C 

TERflINATE IF 
LEADER SEGHENT HAS FROPAGATED OUTSIDE THE 6RID 
LEADER SEGHENT ENTERING CELL UITH AN AMBIENT FIELD LT 1.511 win 

IF(R.LT.l.OR.K.GT.KTOT,OR, 
t RX(NL-l).LT.O.OR.RX(NL-l)~GT~XTOT)GOTO 3000 

C 
WRITE(?PX)'LEADER SEGMENT NUMBER'pNL 
YRITE(2,t)'CELL NUHEER 'vKv' (XPZ) COORD'vKXvKZ 
URITE(~PS)'TOT E FIELD 'vETOTv' AHB E FIELD 'tEFAflB 
YRITE(?P~)'AHH EX 'IFEX~K)~' AMB E2 ' ,FEZ(K) 
WRITE(?if)'X COORD 'rRX(NL-l)r' Z COORD 'pRZ(NL-1) 
URITE(2vt)' 
WRITE(l)RX(NL-l)vRZ(NL-l) 

I 

C 
IF(EFAHB.LT.BDF)GOTO 3000 

C 
C 
C 

C 
C 

SHORTEST TIME OF ELECTRON TO FORM IONIZED CHANNEL 
THIS TIME DETERHIMS DIRECTION OF N€U LEADER SEGHENT 

TMIN=l.E20 

USE MONTE CARLO hETHOD TO GENERATE RANDOM FREE ELECTRONS 
TO CALCULATE ELECTRON DISTRIBUTION NEAR LEADER SEGMENT TIP 

RXP=RX(NL-I)tUXtCL 
RYP=RYtUYtCL ! USE RY(NL-1) FOR 3D CASE 
RZF=RZ(NL-l)tUZtCL 

C 
DO 100 I=lrNE 

C 
C 

C 

C 

C 
C 

IN YORLD COORDINATES 
CALL RAkU;19ri\ ISEEDPRAND) 
RE=RAND&RADIUS 
RE=SORT(RANDtRADIUSSRADIUS) ! FOR ACTUAL RANDOH DISTRIBUTION 
CALL RANnOM(ISEED9RAND) 
TH=RANDtPI 
TH=ACOS((RANDSZ)-l) ! FOR ACTUAL RANDOM DISTRIBUTION 
CALL RANDOH(ISEED*RAND) 
PH=RANDtTUOPI 
RHX=REtSIN(TH)tCOS(PH) 
RHY=F\'EtSIN(TH)tSIN(PH) 
RHZ=RECCOS(TH) 
RH=SORT(RMXtRMXtRMYtRHYtRMZtRMZ) 
X=RHXtRXP 
Y =RHY tRYP 
Z=RMZtRZF 

CCflFUTE E FIELU COMPONENTS FOR Ith ELECTRON 
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AX=X-RX(NL-l) 
AY=Y-RY USE RY(NL-1) FOR 3D CASE 
AZ=Z-RZ(NL-l) 
A = S Q R T ( A X t A X t A Y t A Y t A Z t A Z )  
IF(A.LT.l.E-6)GOTO 100 
R=AXtUXtAYtUYtAZtUZ 
A S = A I A  
BS=RtR 
IF!AS-BS.LT.l.E-6)60TO 100 
P=CONST/(AS-BS) 
D=CLSCL-'.tRtCLtAS 
IF(D.LE.O.)GOTO 100 
D=SQRT ( D )  

C 
C E FIELD COMPONENTS DUE TO LEADER SEGMENT AND AHBIENT FIELD 

EX=Pt(( (AXt(CL-B)tUXt(AS-BtCL)) /D)-  

EY=Pt ( ( (AYt (CL-E) tUYt (AS-EtCL) ) /D ) -  

EZ=Pt ( ( (AZS(CL-B) tUZt (AS-EtCL) ) /D ) -  

t ( (UX1AS-AXtB) /A) ) tFEX(K)  

t ((UYtAS-AYSB)/A)) ' tFEY(K)  FOR 3D CASE 

t ( ( U Z t A S - A Z S B ) / A ) ) t F E Z ( K )  
C 

IF(NL.LE.1)GOTO 1000 
AXfll=X-RX(NL-?) 
AYHl=Y-RYHl ! FOR 2D CASE; RYlil=RY(NL-2)9 FOR 3D CASE 
AZHl=Z-RZ(NL-?) 
A l i l = S Q ~ T ~ A X M l t A X f l l t A Y H l t A Y ~ l t A Z l i l t A Z H l ~  
IF(AHl.LT. l .E-6)GOTO 100 
B M l = A X M l f U X f l l t A Y M l t U Y f l l t A Z M l t U Z M l  
ASf l l=AHl tAHl  
BSf l l=RHl tBMl  
IF(ASHl-BSlil.LT.1,E-b)GOTO 100 
Pli l=CONST/(ASHl-BSfl l)  
Dt l l=CLSCL-~ . tBHl tCLtASl i l  
IF!Dfll.LE.O.)GOTO 100 
Dli l=SRRT(DHl) 

C 
C E FIELD COMPONENTS DUE TO PREVIOUS LEADER SEGHENT 

EXfll=PHlS~~~AXMlt~CL-Blil~tUXHl~~ASHl-RHltCL~~/DMl~- 

E Y ~ l ~ P l i l t ~ ~ ~ A Y M l t ~ C L - B H l ~ t U Y ~ l t ~ A S H l - B l i l ~ C L ~ ~ / ~ l ~ -  

EZfll~PMlt~~~AZHll~CL-Bnl~tUZHl~~ASlil-BHl~CL~~/UMl~- 

t ((UXHltASMl-AXMltBHl)/AHl)) 

t ( (UYHl tASf l l -AYnl tEHl ) /AHl ) )  

t ((UZnlZASHl-AZHltBHl)/AMl)) 
C 
C TOTAL E FIELD COHPONEHTS FOR I t h  ELECTRON 

1000 EX=EXtEXHl 
EY=EYtEYHl 
EZ=EZtEZHl 

DL=(RHXtEXtRHYtEYtRHZtEZ)/(RlitEl) 
ET=SQRT(EXtEXtEYtEYtEZ1EZ)t*Ol 

C 
C CHOOSE APPROPRIATE ELECTRON TO FORH IONIZED CHANNEL 
C TO THE LEADER SEGliENT T I P  I N  SHORTEST TIHE 

IF (ET .LT . (3 .0E6) .~ND. (RH/ET)~LT~Tl i IN~  
t ANa.ACOS(ABS(M)).LE.QP)THEN 

TMIN=Rfl/ET 
ETOT=ET 
DIRX=EX 
DIRY=EY 
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DIRZ-EZ 
END IF 

100 CONTINUE 
P 
L 

C CALCULATE DIRECTION FOR NEXT LEADER SEGMENT 
DRX=CLCUX 
DRY=CLSUY 
DRZ=CL fUZ 
RYhl=RY 
RYZRYtDRY ! FOR 20 CASE, RY(NL)=RY(NL-l)tDRYr FOR 3D CASE 
RX(NL)=RX(NL-!)tDRX 
RZ(NL)=RZ(NL-l)tDRZ 

C 
C NEU UNIT VECTOR 
C UNIT IJECTOR IS PROJECTED ONTO XsZ PLANE FOR 2D SPACE 
C FOR 3D CASE 
C DIR=SORT(DIRXtDIRXtDIRY~DIRYtDIRZtDIRZ) 
C FOR ?D CASE 

DIR=SORT(DIRXtDIRXtDIRZtDIRZ) 
IF(DIR.GE.l.E-6)THEN 
UXhl-UX 
UYfll=UY 
uzfl1 =uz 
UX=DIRX,'DIR 
UY=O.  ! FOR ?D CASE; UY=DIRY/DIR, FOR 30 CASE 
UZ=DIEZ/DIR 
END IF 

C 

C 
3000 

+ 

C 

C 

C 

GO TO 1000 

NFL=NL 
I F ( K . L T . l ~ O R , K . G T ~ K T O T . O R .  

RX(NL-l)~LT.O~OR~RX(NL-l)~GT~XTOT)THEN 
YRITE(2,t)'LEADER OUT OF BOUNDS' 
END IF 

URITE(~PI)'LEADER SEGHENT ENTERED IXGION LT BREAK DOWN' 
END IF 

IF(EFAHB.LT.BDF)THEN 

CLOSE(1) 
CLOSE ( 2  1 
RETURN 
END 

SUBROUTINE RANDOh(ISEED,RAND) 
C RANIlOH NUflEER GENERATOR 
C 

DOUBLE FRECISION E31,E32,SIvSJ 
E31=?.tX31 

SI=DFLOAT(ISEED) 
E32=2**132 

SJ=ttOD(59069.tSItl.~E32) 
IF!APS(SJ).LT.E31)THEN 
SI=SJ 

SI=SJ-E32 
ELSE 
SI=SJtE3? 
END IF 

ELSEIF(SJoGE.E31)THEN 
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IF(SI.GE.O.)THEN 
RAND=SI/ES? 
ELSE 
RAND= 1 . tSI/E32 
END IF 
ISEED=INT(SI) 
RETURN 
END 
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C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 

C 

C 

C 
C 
C 
C 
C 
C 
C 
C 

C 
C 

C 
C 
C 
C 

C 

C 

C 

DEVELOPED BY E.H.A. - AUGUST 1986 
PROGRAH DETERHINES DIRECTION OF NEXT LEADER SEGHENT DUE TO 
ELECTRON UHICH UILL FORfl AN IONIZED PATH TO THE SEWN7 TIP 
THE LEAST TIHE 
E FIELD TOTAL = E FIELD SEGflENT t E FIELD PREVIOUS SEGHENT 

t AHEIENT E FIELD 

NCEL= t CELLS I N  Y AND IN Z 
ICX,ICZ= X,Y COORD OF INITIAL CHARGE REGION 

PARAHETER(NCELX=97tNCEL2=97,ICXIBb,ICZ=31) 
DIflENSION FEX(9409),FEZ!9409) 
CHARACTERS40 INFILE,OFILEl,OFILE3 

IN 

ISEED=RANDOH FUNCTION INTEGER 

SFECIFIES CHARGED REGION CELLS (OTHER THAN INITIAL CHARGED CELL) 
ISEED=70897 

DATA NCl-NC?/195~18/ 

XNFILE='EFS.DT' ! INPUT AHBIENT E FIELDS 
OFILEl='LDPH3.DAT' ! BINARY PLOTFILE OF LIGHTNING PATH 
OFXLEj='LDPH.FRINT' ! PRINT VALUES OF LIGHTNING HODEL 

INPUT uaRIApLEs 
CL=SEGHENT LENGTH 
%DF=LREAK DOYN FIELD EK=1/4PIEpso NL=LEADER SEGHENT # 
DZ=Z CELL HEIGHT DX=X CELL YIDTH 

O = M X  4LLOUAPLE ANGLE BTU €FIELD L DIRECTION VECTORS 

ELAflEDA= SEGflENT CHARGE DENSITY 

NE=+ FREE ELECTRONS ED=ELECTRON DENSITY (.?/~tt3) 

DATA CL~ELAHBDA~EDF/SO.~.OOl~l.SES/ 
DATA PI*EK~NL/3,1415927*9.E9,0/ 
DATA ~ Z ~ D X ~ N E ~ E D ~ 0 / 2 0 0 ~ ~ ? 0 0 ~ ~ 5 0 0 ~ ~ 2 ~ 1 2 ~ S ~  
DATA EXHlrEYHlrEZHl/3tO./ 
TUOPI~?.SPI 
oP=otPI/ieo. 
CONST=EKtELAHEDh 
UOL=FLOAT(NE)/ED 

KTOT=NCELXtNCELZ 
XTOT=NCELX*DX 

RADIUS=(.75tVOL/PI)tt(1./3.) 

INITIALIZE LEADER SEGHENT PROPAGATION 

COORDINATES OF INITIAL POINT ON GRID PROBLEM SPACE 
INPUT DATA: R f r  AHBIENT E FIELD, U1 

RX=bXL(FLOAT(ICX)-,5) 
RY=O. 
RZ=DZt(FLOAT(ICZ)-.S) 

IC=ICXtNCELXt(ICZ-l) 
ETOT=SORT(FEX(IC)ttZffEZ(IC)ttZ) 

UX=FEX(IC)/ETOT 
UY=O. 
UZ=FEZ(IC)/ETOT 

DEFINE UNIT VECTOR 
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OPEN(3rFILE=OFILE3rSTATUSn”EY’) 
C 
C START LOOP 

C 
C 
C USE APPROPRIATE AMBIENT E FIELD MAGNITUDE AND DIRECTION 
C K IS THE CELL NUHBER OF THE LEADER SEGMENT TIP LOCATION 

2000 NL-NLt1 

DETERHINE CELL POSITION OF NEY LEADER SEGMENT TIP ON OVERLAY 

KX=ANINT((RX/DX)t.S) 
KZ=ANINT((RZ/DZ)t.S) 
K=KXtNCELXt(KZ-l) 
EFi(HB=SRRT(FEX(IOtt?tFEZ(K)St?) 

C 
C TERMINATE IF 
C LEADER SEGHENT HAS PROPAGATED OUTSIDE THE GRID 

C LEADER SEGHENT ENTEfiS INTO CHARGED REGION 
C LEADER SEGMENT ENTERING CELL YITH AN AMBIENT FIELD LT 1.W V I M  

t 
C 

C 

C 

WRITE(3,S)NL,K,KX,KZ,RX,RZIETOT,EFAMB,FEX(K)rFEZ(K) 
PRINTtr NL~KPKXIKZIRXIRZ~ETOTIEFAHBIFEX(K)~FEZ(K) 
WRITE(l)RX,RZ 

IF(EFAHE,LT*BDF)GOTO 3000 

C 
C 

C 
C 
C 

SHORTEST TIME PATH OF ELECTRON TO LEADER SEGMENT TIP 
THIS TIHE PATH DETERMINES DIRECTION OF NEY LEADER SEGMENT 

THIN=l+E?O 

USE MONTE CARLO METHOD FOR FREE ELECTRONS 
TO CALCULATE ELECTRON BISTRIBUTION NEIIR LEADER SEGMENT TIP 

RXP=RXtUXtCL 
RYP=RYtUYtCL 
RiF=RZtUZtCL 

C 
00 100 I=l,NE 

C 
C 

C 

C 

C 
C 
C 

IN UORLD COORDINATES 
CALL RANDOfl(1SEEDrRAND) 
RE=RANDSRADIUS 
RE=SQRT(R~NDt(RADIUS**~)) 
CALL RANDOH(ISEEDPRAND) 
TH=RANDSPI 
TH=ACOS(RANDt?-l) 
CALL RANDOH(1SEEDvRAND) 
PH=RANDt TYOP I 
RE=RAN(ISEEn)tRADIUS 
TH=RAN(ISEED)tPI 

RHX=REISIN(TH)tCOS(PH) 
RHY=REtSIN(TH)tSIN(PH) 
RHZ=REtCOS(TH) 
X=RHX kRXP 
Y=RhYtfiYP 
Z=RHZtRZP 
R M = S O R T ( R M X t t ? t R H Y t t 2 t R n t t t Z )  

PH=fiAN(ISEED)t?.tPI 

C 
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C COHPUTE E FIELD COHPONENTS FOR Ith ELECTRON 
AX= X-RX 
AY=Y-RY 
AZ=Z-RZ 
A . r S O R T ( A X t t 2 t A Y t t Z t A Z t t 2 )  
IF(A.LT.l.E-6)GOTO 100 
E=AX1UXtAYtUYtAZtUZ 
AS'AI t?  
BS=Btt2 
XF(AS-BS,LT.l.E-6)6010 100 
P=CONST/(AS-RS) 
D=CLtt?-P.tBtCL+AS 
IF(D.LEeO.)GOTO 100 
D=SORT (D) 

C 
C E FIELD COHPONENTS DUE TO LEADER SEGHENT AND ANBIENT FIELD 

EX=Pt(((AXt(CL-B)tUXt(AS-E:CL))/D)- 

EY=Pt(( (AYS(CL-E)tUYt(AS-ESCL)) /D)-  

EZ=Pt(((AZt(CL-H)tUZt(AS-BtCL))/D)- 

t ((UXtAS-AXte)/A))tFEX(K) 

t ((UYtC\S-AY%F)/A)) !tFEY(K) 

t ((UZtAS-AZtE)/A))tFEZ(K) 
C 

IF(NL,LE.l)GOTO 1000 
AXHl=X-RXHl 
AYHl=Y-fiYHl 
AZMl=Z-RZHl 
A f l l = S R R T ( A X f l l t * 2 t A Y f l l t 1 2 + A Z l ) l S t 2 )  

BHl=AXHltUXHltAY~ltUYHltAZHltUZHl 
ASHl=AHlt%? 
BSHl=BHl&S? 

Pnl=CONST/(ASnl-BSHl) 

IF(AHl*LT.l.E-6)GOTO 100 

XF(ASnl-BSHl~LT,l,E-6)GOTO 100 

Dnl=CLt&2-2.tBHltCLtASHl 
IF(DHl+LE.O.)GOTO 100 
DHl=SORT(DHl) 

C 
C E FIELD COhFOtiENTS DUE TO PREVIOUS LEADER SEGHENT 

EXHl=PHlt~((AXHll(CL-BHl)tUXHlt~ASHl-BHl~CL~~/DHl~- 

E Y M l = P M l t ~ ~ ~ A Y H l l ~ C L - B H l ~ t U Y H l ~ ~ A S N l - B ~ l t C L ~ ~ / I W l ~ -  

E Z ~ l ~ P H l t ~ ~ ~ A ~ h l t ~ C L - B H l ~ t U Z N l ~ ~ A S N l - B N l t C L ~ ~ / D M l ~ -  

t ((UXHltASHl-AXNltB~l)/AMl)) 

t ((UYhltASMl-AYHlleHl)/AHl)) 

t ((uznirAsni-Aznixeni)/Ani)) 
C 
C TOTAL E FIELD COHFONENTS FOR Ith ELECTRON 
1000 EX=EXtEXHl 

EY=EYtEYHl 
EZ=EZtEZHl 

DL=(RHXSEXtRHYtEYtRNZtEZ)/(RHtET) 
ET=SOfiT(EXttZtEYtt2tEZttZ)+.Oi  

C 
C 
C LEADER SEGHENT TIP IN SHORTEST TINE 

CHOOSE APPROPRIATE ELECTRON TO BE DRAYN TOYARD 

IF(ET.LT.(~.~E~)~ANDI(RH/ET)~LT.THIN. 
t ~D.ACOS(ABS!DL)).LE.OP)THEN 

TfiXN=RH/ET 
ETOT=ET 
DIRX=EX 
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DIRY=EY 
DIRZ=EZ 
END IF 

100 CONTIWE 
C 
C CALCULATE DIRECTION FOR NEXT LEADER SEGMENT 

DRX=CLtUX 
DRY =CLtUY 
DRZ=CLXUZ 
RXHl=RX 
RYHl=RY 
RZHZ=RZ 
RX=RXtDRX 
RY=RYtDRY 
RZ=RZtDRZ 

C 
C NEU 
C 

C 

C 

C 
3000 

t 

C 

C 
C 

UNIT VECTOR 
DIR=SORT(DIRXtt2tDIRYtt2+DIRZ::2) 
D I R = S O R T ( D I R X t t ? t D I R Z t t 2 )  ! PROJ'H ONTO 2D GRID 
IF(DIR.LT.l.E-6)GOTO 2000 
UXHl=UX 
UYHl=UY 
uzn 1 =uz 
UX=DIRX/DIR 
UY=DIRY/DIR 
U*f=O. 
UZ=DIRZ/DIR 

GO TO 2000 

IF(K.LT.1.OR.K.GT.KTOT~OR. 
RX.LT,O,OR.RX.GT.XTOT)THEN 

PRINTtr 'LEADER SEGMENT OUT OF BOUNDS' 
YRITE(3vt)'LEADER SEGHENT WT OF BOUNDS' 
END IF 

PRINTtt 'LEADER SEGHENT ENTERED REGION LT BREAK DOWN' 
YRITE(JIS)'LEADER SEGMENT ENTERED REGION LT BREAK DOYN' 
END IF 

IF(EFAttB.LTeBDF)THEN 

CLOSE(1) 
CLOSE ( 3  1 
STOP 
END 

SUBROUTINE RANDOn(1SEEDrRAND) 
C RANDOH NUMEER GENERATOR 
C 

DOUBLE PRECISION E31,€32,SI,SJ 

E32=?.tS32 
SI=DFLOAT(ISEED) 

~3i=?.tt3i 

SJ=~OD~690dP.tSItl.,E32) 
IF(ABS(SJ).LT.E31)THEN 
SI=SJ 

S I=SJ-E32 
ELSE 
S I=SJtE32 

ELSEIF(SJ.GE+E31)THEN 
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END IF 

RAND=SI/E’J? 
ELSE 

END IF 
ISEED-INT(S1) 
RETURN 
END 

IF(SI.GE.O.)THEN 

RANO=lotSI/E32 
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C INTERACTIVE VERSION OF LDPH 
C 
C PROGRAM DETERMINES DIRECTION OF NEXT LEADER SEGMENT DUE TO 
C ELECTRON WHICH UILL FORM AN IONIZED PATH TO 
C THE STEPPED LEADER SEGMENT TIP IN THE LEAST TIHE 
C E FIELD TOTAL = E FIELD LEADER t E FIELD PREVIOUS LEADER 

t AHBIENT E FIELD 

OFILEl='LDPti.DAl' ! BINARY PLOTFILE OF LIGHTNING PATH 
OFILE3='LDPfi.PRINT' ! PRINT VALUES OF LIGHTNING MODEL 

PRINT*, 'LIGHTNING PROPAGATION - TORTUOSITY MODEL' 
PRINT19 'DEVELOPED BY E.H.A. - AUGUST 1986' 
PRINTtr ' 
P f i I t I T I r  'SPECIFY GRID INPUT DATA' 
PRINTIr ' 
FRIIlTIt 'GRID SIZE - ENTER THE TOTAL NUMBER OF CELLS' 
PRINTt, 'EACH CELL IS 2001 x 20Oa' 
PRINTS, 'ALONG THE X (HORZ AXIS), ALONG THE Z (VERT AXIS)' 
PRINTS, 'ENTER X t Z  (MAX IS 97997)' 
READt- NCELXpNCELZ 

C 

C 

10 

11 

10 1 
C 

PRINTS, ' 
PRItITt* 'ENTER 
PRINTS, 'ENTER 
READIF ICXvICZ 
PRINTtr 'ENTER 
READS, OP 

FRINTt, ' 

THE INITIAL CELL COORD 
XIZ' 

THE CHARGE(tP-COUL)' 

(X IZ )  OF DISCHARGE' 

PRINT&, 'YOU HAY SPECIFY ANY UtARGE REGION COORDIMTE ' 
PRINTS, 'OTHER THAN THE INITIAL DISCHARGE COORDINATE. ' 
PRINTSr 'IF YOU DON1 WANT THESE REGIONS ENTER 0 ' 
PRINT&, 'IT IS SUGGESTED THAT OVER THE ENTIRE GRID ' 
PRINTS* 'THE SUH OF THE TOTAL CHARGE f 0 ' 
PRINTtr 'ENTER THE # OF CHIIRGE REGIONS (MAX IS 10)' 
PRINTS, '(NOT INCLUDING THE INITIAL DISCHARGE COORDINATE)' 
READ&, NC 

PRINTS, 'ENTER THE XtZ PAIRS AND THEIR CHCIRGE(-rtCOUL)' 
PRINT&, 'ie: XlvZ1,CHARGEl' 
PRINTtt ' X~~ZZPCHARGEZ' 
DO 10 I=lrNC 
fiEADSr NCX(I),NCZ(I),ON(I) 
DO 11 I=lrNC 
NCK(I)=NCX(I)tNCELXt(NCZ(I)-l) 

IF(NC.EO.O)GOTO 101 

PRINTtr ' 
PRINT&v 'THE PROGRAM USES A MONTE CARLO BETHOD TO' 
PRINTtt 'GENERATE FREE ELECTRONS AROUND EACH STEPPED' 
PRINTXr 'LEADER TIP. AN ASSUMED DENSITY IS .2clcc/mtt3' 
PRINTtr '500 ELECTRONS IS RECOMMENDED' 
PRINT:, 'LESS THAN 100 YILL LIMIT TORTUOSITY' 
PRINTSr 'ENTER THE NUHBER OF ELECTRONS DESIRED' 

. 
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READS, NE 
C 

PRINT89 ' 

PRINTtt 'ENTER ANY INTEGER UP TO 5 DIGITS t LT 32000.' 
READtt ISEED 

FRINTti ' 
PRINTtv 'PROGRAfl GENERATES A PRINT FILE OF THE HODEL' 
PRINTS, 'VALUES I A BINARY PLOTFILE IN AN XrZ  OUTPUT' 
PRINT), 'AIIBIENT E FIELDS ARE PRINTED WT' 

PRINT89 ' 
PRINTSr 'tttttttttSStSttttSt~8SSS8SS88S8~~~S8S8~' 
PRINTS, ' 

PRINTS, 'THE MONTE can0 ROUTINE REWIRES A SEED INTEGER' 

C 

PRINTtt 'THESE FILES ARE LDPH~PRINTP LDPH.D(ITr MIB.DAT' , 

C 

C CALCULATE AHPIENT E FIELDS 

C INPUT UkRIABLES 
C CL=LEADER LENGTH ELAMBDA=LEADER CHARGE DENSITY 
C BDF=BREAK DOYN FIELD EK=1/4PIErro &=LEADER 
C DZ=Z CELL HEIGHT DX=X CELL YIDTH ' 

C NE=# FREE ELECTRONS EDzELECTRON DENSITY (,?/Bt83) 
C O=flAX ALLOWABLE ANGLE BTW EFIELD t DIRECTION VECTORS 
C 

CALL EGRID 

DATA C L Y E L A M E D A ~ E D F / ~ O ~ ~ ~ O O ~ P ~ ~ S E S /  
DATA FI~EK~NL/3.1415927r9.E9~0/ 
DATA DirDX~NE~EBr0/200.~?60~~500~~2rl2~5/ 

CONST=EKtELAHEDA 
DATA EXlIl~EYHlrEZlIl/3tO~/ 

VOL=FLOAT(NE) ,'Eil 
RADIUS=( .75NOL/PI)tS(1./3.) 
KTOT=NCELXtNCELZ 
XTOT=NCELXSDX 

C 
C INITIALIZE LEADER PROPAGATION 

C COORDINATES OF INITIAL POINT ON GRID PROBLEH SPACE 
c INPUT DATA: ~ i ,  AMBIENT E FIELDI ui 

RX=DXt(FLOAT(ICX)-.S) 
RY=O e 

RZ=DZt(FLOAT(ICZ)-,S) 
C 

IC=ICXtNCELXt(?CZ-l) 
ETOT=SORT(FEX(IC)tt?tFEZ(IC)tt?) 

C DEFINE UNIT VECTOR 
UX=FEX(IC)/ETOT 
UY =o. 
UZ=FEZ(IC)/ETOT 

OPEN~1~FILE~OFILE1~FORH~'UmORnATTED',SfATUS~'NEN'~ 
OPEN(3rFILE=OFILE3rSTATUS='NEY') 

C 

C 
C START LOOP 

C 
C 
C 
C 

2000 NL=NLtl 

DETERMINE CELL POSITION OF NEM LEADER SEGHENT TIP OM OVERLAY 
USE APPROPRIATE AIIBIENT E FIELD HAGNITUDE AND DIRECTION 
K IS THE CELL NUMBER OF THE LEADER SEGHENT TIP LOCATION 

KX=ANINT((RX/DX)t.S) 
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KZ=ANINT((RZ/DZ)t,S) 
K=KXtNCELX&(KZ-l) 
EFARB=SORT(FEX(K)&t?tFEZ(K)S*2) 

C 
C TERHINATE IF 
C 

C LEA@ER ENTERS INTO CHARGED REGION 

LEADER HAS PROPAGATED OUTSIDE THE GRID 
C LEADER ENTERING CELL UITH AN AflBIENT FIELD LT 1.3i V/f l  

IF(K.LT.1.OR.K.GT.KTOT.OR. 
t RX,LT.O.OR.RX.GT,XTOT)GOTO 3000 

C 
URITE(~P*)'LEADER SEGHENT NUMBER 'sNL 
URITE(3,S)'CELL NUHBER 'sKt' ( X t Z )  COORD'sKXsKZ 
WRITE(3it)'TOT E FIELD U/~'PETOT~' AHB E FIELD 'tEFAHB 
URITE13rl)'AHb EX 'tFEX(K)r' AflB EZ ' rFEZ(K 1 
WRITE(3rl)'X met. from OtO'tRXt' Z met. from 090 'tRZ 
YRITE(3rt)' 
PRINTtr 'LEADER SEGHENT NUHEER 'rNL 
PRINT&, 'CELL NUHEER ' t K t '  (XsZ) COORD'sKXtKZ 
PRINT&, 'TOT E FIELD U/m'rETOTt' AHB E FIELD 'rEFAMB 
PRINTS, 'AHE EX 'tFEX(K)t' AMB EZ ' *FEZ (K) 
PRINT:, 'X set ,  from OvO'tRXs' Z met. from Or0 'tRZ 
PRINTtr ' 
URITE(1)RXsRZ 

, 

, 

C 
IF(EFAHR.LT.BDF)GOTO 3000 
IF(NC.EO.O.)GOTO 55 
DO 1 1 1  II=19NC 

111 IF(K.EO.NCti(II))GOTO 3000 
C 
C SHORTEST TIHE OF ELECTRON TO FORM IONIZATION CHANNEL 
C THIS T I M  DETERMINES DIRECTION OF NEW LEADER S E G N N T  

C 
C 
C CALCULATE ELECTRON POSITIONS NEAR LEADER TIP 

C 
C IN UORLD COORDINATES 

55 TMIN=l .E20 

USE MONTE CARLO HETHOD TO GENERATE RANDOfl FREE ELECTRONS 

DO 100 IZlsNE 

CALL RANDOH(1SEEDvRAND) 
RE=RAND4RADIUS 

C RE=SORT(RAND&(RADIUStt?)) 
CALL RANDOtf(ISEED9RAND) 
TH=(RAND)*PI 

CALL RANDOH(1SEEDvRAND) 

X=REZSIN(TH)&COS(PH)tRXtUX&CL 
Y=fiEZSIN(TH)1SIN(PH)+RYtUY&CL 
Z=REtCOS(TH)tRZtUZ%CL 

C TH=ACOS((RANDU)-l) 

PH=(RAND)t?.tPI 

FHX=X-RX-UX&CL 
RHY=Y-RY-UYtCL 
RMZ=Z-RZ-UZtCL 
R R = S ~ R T ( R M X t S 2 t R R Y & t ? t R H Z & t ~ )  

C 
C COHFUTE E FIELII CORPONENTS FOR Ith ELECTRON 

AXxX-RX 
AY=Y-RY 
AZ=Z-RZ 
A = S O R T ( A X S t Z t A Y t & ? t A Z t t Z )  
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IF(A.LT.l.E-6)GOTO 100 
E=AXtUXtAYXUYtAZ:UZ 
AS=ASt? 
B S = B t t 2  
IF(AS-BS.LT.l.E-6)GOTO 100 
P=CONST/(AS-BS) 
D=CLSI?-2,tBtCLtAS 
IF(D.LE.O.)GOTO 100 
D=SORT ! D 1 

C 
C E FIELD COWONENTS DUE TO LEADER SEGHENT AND AHBIENT F I E L D  

t 

t 

t 
C 

C 

IF(NL.LE.l)GOTO 1000 
AXHl=X-RXfll 
AYtl l=Y-RYfl l  
AZf l l=:-RZt l l  
A f l l = S O R T ( A X ~ l S t ? t A Y f l l t t 2 t A Z H l t t ~ )  
I F ( A t l l ~ L T ~ l ~ E - 5 ) G O T O  100 
BMl=AXf l l tUXMl tAYf l l tUYHl tAZf l l tUZf l l  
A S f l l = A f l l t t ?  
B S f l l = B f l l t K !  
IF!ASfll-BSfll.LT.l.E-6)GOTO 100 
Pfl l=CONST/(ASnl-BSfl l)  
D f l l = C L ( t Z - ? . t B f l l t C L t A S f l l  
IF(DHl.LE+O.)GOTO 100 
Dfl l=SQRT(DMl) 

C E FIELD COflPONENTS DUE TO PREVIOUS LEADER SEGHENT 
EXfll~F'fllt~~~AXfllt~CL-B~l~tUX~lt~AS~l-BHltU~~/D~l~- 

E Y f l l ~ P H l t ~ ~ ~ A Y ~ l t ~ C L - B H l ~ t U Y ~ l t ( A S ~ l - B M l ~ C L ~ ~ / D M l ~ -  

E Z f l l ~ P f l l t ~ ~ ~ A Z h l t ~ C L - B f l l ~ t U Z H l t ~ A S ~ l - E ~ l t ~ ~ ~ / ~ l ~ -  

t ( ( U X f l l t A S f l l - A X H l t B f l l ) / A n l ) )  

t ( ( U Y H l t A S f l l - A ' f f l l t B f l l ) / A H l ) )  

t ~~UZnltASfll-~ZHltBfll~/AHl~~ 
C 
C TOTAL E FIELD COflFONENTS FOR I t h  ELECTRON 

1000 EX=EXtEXfl l  
EY=EYtEYP(l 
EZ=EZtEZfll 

DL=(RMXtEXtRHYtEYtfiHZtEZ)/(RHtET) 
E T = S O R T ( E X t X Z t E Y l t Z t E Z t t ~ ) t ~ O l  

C 
C CHOOSE APPROF'RIATE ELECTRON TO FORM IONIZED CHANNEL 
C TO THE LEADER T I P  I N  THE SHORTEST TIME 

IF(ET.LT.(3.0E6)~AND.(Rn/EI) .LT.TnIWI 
t AND.ACOS(ARS(DL)) .LE.O~I / lBO.)THEN 

TflIN=Rfl/ET 
ETOT=ET 
DIRX=EX 
DIRY-E f 
DIRZ=EZ 
END I F  

100 CONTINUE 
C 
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C CALCULATE DIRECTION FOR NEXT LEADER SEGMENT 
DRX=CL*UX 
DRY=CL*UY 
DRZ=CLZUZ 
RXMlrRX 
RYHl=RY 
RZMZ=RZ 
RX=RXtDRX 
RY=RY tDRY 
RZ=RZtDRZ 

C 
C NEU UNIT VECTOR 
C 

C 

C 

C 
3000 

t 

112 
C 

C 
C 

DIR=SORT(DIRXtt2tD~RY~tZ+DIRZttZ) 
D I R r S O R T ( D I A X t t Z t D I R Z t S ? )  ! PROJ'N ONTO 2D GRID 
IF(DIR.LT.l*E-6)GOTO 2000 
UXM1=UX 
UYMl=UY 
UZNl-UZ 
UX=DIRX/DIR 
UY=DIRY/DIR 
UY=O. 
Ut=DIRZ/DIR 

GO TO 2000 

IF(K.LT. l+OR.K.GT.KTOTIDR. 
RX.LT.O,OR,RX.GT.XTOT)THEN 

PRINlSr 'LEADER OUT OF BOUNDS' 
YRITE(3,S)'LEADER OUT OF BOUNDS' 
END IF 

PRINT19 'LEAMR ENTERED REGION LT BREAK DOYN' 
YRITE(3r8)'LEADER ENTERED REGION LT BREAK DOUN' 
END IF 
DO 112 II=l*NC 

PRINTZ, 'LEADER ENTERED CHARGED REGION' 
YRITE(3it)'LEADER ENTERED CHARGED REGION' 
END IF 
CON1 I NUE 

IF(EFAMB.LT+BDF)THEN 

IF(K.EO.NCK(II))THEN 

CLOSE ( 1 ) 
CLOSE ( 3 ) 
STOP 
END 

SUBROUTINE RANDOM(1SEEDpRAND) 
C RANDOM NUMBER GENERATOR 
C 

DOUBLE PRECISION E31~E32rS1,SJ 
E31=?.tt31 
E32=2.*t3? 
SI=DFLOAT(ISEED) 
SJ.MOD(69069.tSItl.,E32) 
IF(ABS(SJ).LT~E31)THEN 
SI=SJ 

SI=S &E32 
ELSE 

ELSEIF(SJeGEoE31)THEN 

8 
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SI=SJtE32 
END IF 

RAND=SI/E3? 
ELSE 

END IF 
ISEED=INT(SI) 
RETURN 
END 

IF(SI.GE.O.)THEN 

RAND=l.+SI/E32 

c 
C 

C CALCULATION OF AHBIENT ELECTRIC FIELDS 
C 

DIMENSION X(9409)vZ(9409) 
DIHENSION XMRH(5)rE(S) 
COHHON/tlAIN/FEX(9409)rFEZ(9409) 
COH~ON/UAR/NCX(10)rNCZ(10)rNCK(10)rQN(10) 
COnnON/DAT/NCELX,NCELZ,ICX~ICZrMCvQP 

SUBROUTINE EGRID 

DATA D X ~ D Z ~ ~ P ~ P I / ? O O . ~ Z O O . , ~ . E ~ I ~ . ~ ~ ~ S ~ ~ ~ /  
C 

C 
OPEN(4~FILE='AMB.bAT'rSTATUSr"EY')  

DO 10 JzlpNCELZ 
DO 10 I=lrNCELX 
KzI+NCELXt(J-l) 

Z(K)=DZt(FLOAT(J)-.5) 
X(K)=DXt(FLOAT(I)-.S) 

Kl=K 
10 CONTINUE 

C 

C CALCULATE RESULTANT E FIELDS FROM W G E  CENTERS 
LP=ICXtNCELX1(ICZ-l) 

t 
333 

23 
C 

444 

24 

20 

C 
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FEZ(LP)=FEZ(LPtl) 

DO 555 ISlrNC 
FEX(NCK(I))=FEX(NCK(I)-l) 
FEZ(NCK(I))=FEZ(MCK(I)-l) 

IF(NC.EO.O)GOTO 2S 

ccc 
JJJ CONTINUE 
25 DO 26 KDlvK1 

URITE(4,t)KrFEX(K)tFEZ(K)rX(K)rZ(K) 
26 CONTINUE 

CLOSE(4) 
RETURN 
END 

. 
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1 .o I NTR 0 D UCTl ON 

The maximum observed electric fields in thunderstorms are in general 
smaller than is necessary to initiate corona or sparking that can lead to lightning 
events. Field magnitudes in the range of 1 to 2 megavolts per meter are necessary in 
pure air at typical thunderstorm altitudes, whereas maximum measured fields are of 
the order of 400 kilovolts per meter. Hence it is necessary to look for other 
mechanisms which can locally raise the field strength to the necessary intensity. 
Thunderstorm particles are one source of local field enhancement which may provide 
the necessary mechanism. These particles (cloud droplets, rain, ice, hail, snow, 
graupel), although not having large conductivities, do have small electrical relaxation 
times on the scale of non-lightning electric field changes in a cloud. This implies that 
the particles act as perfect conductors in a thundercloud, and are able to locally 
enhance the ambient electric field. They are also able to hold electrical charges which 
can alter the way in which field enhancement occurs. 

The purpose of the research presented here is to attempt to determine what 
effect thunderstorm particles have on the lightning initiation process. Are there 
preferred areas within the storm where particular types of particles exist that make 
lightning initiation more likely? Are large particles or large particle densities more 
effective at producing electrical breakdown in a particular vclume? To answer these 
questions a model has been developed to roughtly calculate the ambient field 
necessary to cause air breakdown in a thunderstorm in the presence of ensembles of 
particles. The size, shape, and density of the particles are variable inputs to the 
model, as is the altitude at which the model does its calculation. The altitude (or air 
density) is the most significant parameter in calculating the pure air electron avalanche 
rate [ l ] ,  and the particle parameters determine how that pure air rate is altered. Using 
this model a table can be constructed giving the nominal air breakdown field as a 
function of the above parameters. The table can then be used in conjunction with 
large scale thunderstorm models [2] which calculate particle types and densities as a 
function of location in a cloud to predict the most likely regions for lightning initiation. 

Electrical breakdown of air occurs because of a growth in the electron 
density in the air at a given location. This occurs when electrons are accelerated in an 
ambient electric field to energies large enough to ionize air molecules through 
collisions. The process is known as an electron "avalanche." The growth continues 
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approximately exponentially until the electron density is large enough to produce 
currents which neutralize the ambient field locally, These electron currents, while 
neutralizing a local electric field, also raise the field at other nearby locations, possibly 
causing the electron avalanche to propagate away from its initial location. In this way 
a lightning channel may be initiated. 

This report investigates specifically the way in which the electron avalanche 
rate varies as a function of particle parameters, air density, and electric field. Nominal 
air breakdown fields are predicted for these variables by calculating the smallest 
ambient field which will produce sufficient electron density to lower that field. This 
involves the balancing of the electron avalanche rate with the primary loss mechanism 
for electrons, attachment to neutrals to form negative ions. Hence the nominal air 
breakdown field is that for which the avalanche rate equals the electron attachment 
rate. 

The results, to be presented in greater detail later, show that large particles, 
such as snowflakes, are the most effective at altering the nominal air breakdown field, 
and volumes containing these particles are the most likely locations for lightning 
initiatioi. Small particles, even if large densities are present, are not nearly as 
effective in altering the nominal air breakdown field. 

2.0 CORONA GROWTH AROUND PARTICLES IN A UNIFORM 
ELECTRIC FIELD 

The work presented in this section has been partially published in a 
previous report [3] and is also presented here in the interest of completeness. 

By locally redistributing the electric field energy density in a region of space, 
thunderstorm particles can affect the way in which electrons and ions are produced in 
an electron avalanche. In particular, a uniform electric field which is below breakdown 
intensity may be locally enhanced to a level which produces corona around the 
particles. This occurs because the avalanche rate is strongly nonlinear with electric 
field, so that small electric field changes can result in large changes in charged 
particle production. 
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As an example of this consider the case of a spherical particle in a uniform 
static electric field, Eo, with magnitude ninety percent of air breakdown intensity. This 
is shown schematically in Figure 2.1. The electrical conductivity of the particle is 
important only for very fast field changes (of the order of microseconds), and in general 
the particle acts as a perfect conductor on the time scale of large scale thunderstorm 
fields. Because of this the well-known analytic development for the altered field 
distribution around a conducting sphere in a uniform electric field may be used. Figure 
2.1 shows the regions around the particle in which fields larger and smaller than the 
ambient field exist. In addition the regions in which the field magnitude exceeds air 
breakdown level, Et,, are shown. These latter regions depend on the magnitude of the 
ambient field with respect to breakdown field. That is, if the ambient field drops, the 
breakdown region will shrink, finally disappearing altogether when the ambient field 
goes below one-third of the breakdown field. The other regions, those of enhanced 
and decreased field, are not dependent on ambient field strength. 

The preceding discussion was based on a spherical particle. The situation 
for more irregular particles such as ice crystals or snow flakes is more complicated. 
Analytic solutions for these shapes do not exist, so approximations must be made in 
specifying the local field distribution around the particle. In general, however, a 
polarized particle will behave like an electric dipole to some level of approximation. 
The assumption used in the development presented here is to treat the local field 
distribution as the same as that around a spherical particle, but to raise the maximum 
field enhancement to that determined from a previous study [4] (e.g., enhancement of 
five for columnar ice crystals and nine for a typical snowflake). 

The importance of Figure 2.1 is that it shows that a conducting particle can 
cause electron avalanching to occur in a region of space which would have no 
avalanching in the particle’s absence. The details of how much avalanching occurs 
because of the particle and the effects of irregularly shaped particles and particle 
density are left for the mathematical development of the next section. 

I 

I 

I 
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2.1 Mathematical Development 

To facilitate the mathematical development to follow, some symbols will first 
be defined. The development will be done in a spherical coordinate system, assuming 
no azimuthal variation. The ambient field is assumed to be oriented along the polar 
axis. The assumption of no azimuthal variation is strictly true only for spherical 
particles or cylindrical particles oriented with their axis along the polar axis. Particles 
not satisfying this criterion will be included in an approximate sense. 

Table 2.1 
Definition of Symbols Used in Section 2.3 

approximate half size of particle (radius in the 
case of a spherical particle) 

ambient electric field intensity 

breakdown electric field intensity 

radial electric field intensity 

theta component of electric field intensity 

component of electric field intensity along polar 
axis 

maximum electric field enhancement factor 
(particle dependent) 

density of thunderstorm particles 

number of thunderstorm particles in a finite 
difference cell 

air density relative to sea level density 

volume around a particle in which field is above E, 
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The objective of the analysis to follow is to develop a modified electron 
avalanche rate which accounts for the presence of thunderstorm particles. Previous 
work has assumed that corona formation occurs in clear air only. To include particles, 
it is necessary first to calculate the avalanche occurring around a single particle and 
then to consider the effects of a particle density in a given region of space. The electric 
field around a single particle is investigated first. 

The field distribution outside of a spherical conducting particle placed in a 
uniform electric field is given by, 

a3 E, (r,e) = E, ( I  + 2 7) COS e 

a3 Eo(r,e) = - E, (1 - 7) sin 8 

Figure 2.2 shows the spherical coordinate system used in the analysis. For use here 
this expression is generalized to approximate the field distribution around irregularly 
shaped particles as follows, 

a3 EO (r,e) = -E, (1- 7 ) sin 8 

Note that the only difference between Equations 2.1 and 2.2)is that the 2 in the first of 
Equations 2.1 has been replaced by the term f,, -1 in Equation 2.2. This reduces to 
Equation 2.1 in the case of a sphere (for which f, = 3). The justification for using 

Equation 2.2 in the present model is not rigorous. Any conducting particle placed in a 
uniform electric field must polarize, and the resulting field distribution must 
in some sense resemble a dipole field. The assumption is made here, mainly for the 
purpose of making further analytic progress on particles in general, that the distribution 
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Polar and z axis I 
Ambient Electric 

Field 

Figure 2.2 Spherical Coordinate System Used in Analysis of 
Thunderstorm Particles 
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is similar to that around a spherical particle, but with differing maximum field 
enhancements. 

In addition, the electric field used in the calculations to follow is the 
component along the polar axis of the coordinate system. Strictly speaking, the total 
electric field is more appropriate. However, the form of the polar component is much 
easier to work with analytically, and introduces only a small error. The error is small 
because the axial oriented field is a good approximation to the total field at most 
locations. The axial field is easily calculated from Equation 2.2 and is shown below. 

This expression involves three physical quantities of interest, the ambient 
electric field, the size of the particle, and its shape (included in f max ). These three 

quantities, along with the breakdown field strength at a particular altitude and the 
particle density, completely determine the altered avalanche rate from the clear air 
expression. The next step in the analysis is to specify the volume around the particle 
over which avalanching occurs. In other words, over what volume is E, larger than 
E, ? The condition for this is expressed in equation (2.4). 

There are three possible regimes for Equation 2.4. If E, is larger than E, , 

then Equation 2.4 is satisfied in all of space. This is of course the trivial case in which 
air breakdown would occur in the absence of particles. A second regime is one in 
which Equation 2.4 is satisfied nowhere in space. This occurs when fmax is not large 
enough to raise the maximum enhanced field above E,. In this case air breakdown 

is absent even in the presence of particles. The middle regime in which Equation 2.4 
is satisfied in a limited region of space is the most interesting. The conditions 

f m a  2 q a n d  E, < Eb define this regime. Here air breakdown occurs when particles Eb 
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are present but not when they are absent. From Equation 2.4 the volume over which 
this occurs can be specified as below. 

L 

b 

o 2 e L A  

Equation 2.5 represents a two dimensional projection of a three dimensional 
volume. The full volume is obtained by rotating the area specified in Equation 2.5 
around the polar axis of the particle. Note also that there are two of these volumes, 
one on either end of a symmetrically shaped particle. An expression for the volume 
over which the enhanced electric field is above E can now be derived by integrating 
over the limits of Equation 2.5 and multiplying by two to account for both ends of the 
particle. Formally this is written, 

27t A Ba 
AV = 2 j j j ?sin 8drdedq 

o o a  

The details of the integration are straightforward, and the final expression for 
the avalanche volume is, 

AV = - 47ra3 
[I + 2  (Eofmaxp” E, - 3 ( )] (2.7) 9 E,-E, Eo fmax 

The most important thing to notice about Equation 2.7 is the way in which AV 
depends on various quantities. A large AV implies that the particle has a significant 
effect on electron avalanching, and a small AV implies very little effect. Therefore it is 
clear that larger particles (large a) are most effective at altering the avalanche rate, 
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since AV varies as the cube of the particle dimension. The shape is also involved, but 
is less important, in the sense that AV is nearly linearly dependent on fma. Of course it 
must be remembered that fmax is quite important in determining whether there will be 

any avalanching at all around the particle. 

Equation 2.7 gives the volume around a single particle in which avalanching 
will occur. To implement this concept in a numerical model, it is necessary to include 
the density of particles which is present in the region of interest. Hence it is necessary 
to calculate how much of a given volume has fields above breakdown level. The total 
volume with field above breakdown strength in a given volume is then, 

AV = NAV 
T 

where N is the number of particles in the given volume and is numerically equal to the 
particle number density multiplied by that volume. In Equation 2.8 the assumption has 
been made that the particles are noninteracting in the sense that none of the individual 
enhanced field volumes overlap. This appears to be a reasonable approximation for 
typical particle densities in thunderstorms. 

The next step in the analysis is to calculate the number of electron-ion pairs 
produced in AV per unit time. This is essentially the desired avalanche rate from 

particles. The rigorous method to find this quantity is to integrate the (strongly electric 
field dependent) avalanche rate over AV. This is computationally inefficient for large 
scale air breakdown codes, however, so the method used here is somewhat different. 

The alternate method is to define an average electric field in the breakdown volume 
and to simply evaluate the altered avalanche rate for that electric field. One possible 
choice of this average field is to set it equal to the arithmetic average of the smallest 
and largest fieids in the volume. These fields are E, and f,E,, respectively. 

However, because the largest field exists only in a very small subvolume of AV it 
would be better to favor the lower fields in any average. Therefore the geometric 
mean is used, as shown below. 

T 

Average field = 4-0 
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The geometric mean is always less than or equal to the arithmetic mean, so this 
should be a more appropriate value to use in the model. 

Finally the avalanche rate from particles may be formally written, 

I (average field) 
'particles = 'pure air "given 

(2.10) 

The last matter to be considered is the issue of irregularly shaped particles 
which may not be aligned with their axis along the ambient electric field. Although 
electrostatic forces would tend to align these particles, it is likely that hydrodynamic' 
forces from winds and small scale turbulence would overwhelm the electrostatic force. 
Hence the particles are probably randomly oriented with respect to the field direction. 
This is taken into account in the present model by assuming that on the average half of 
t he  particles are aligned along the field and half are aligned across the field. The 
particles across the field make no contribution to the particle dependent avalanche 
rate. In the model this is accomplished simply by dividing the true particle density by 
two to arrive at an effective density. It should be understood that this is done only for 
the case of nonspherical particles (fmax d3),  because for spherical particles alignment 

is unimportant. 

3 .O RESULTS 

The immediate result which can be calculated from the thunderstorm particle 
model is the effective ambient field which causes air breakdown to occur. This should 
be lower in the presence of thunderstorm particles than in their absence. An 
approximation to the breakdown field is achieved by finding the field level at which the 
avalanche rate becomes larger than the electron attachment rate. Although this is not 
a strict criterion for air breakdown it does serve to illustrate the difference in corona 
growth caused by particles. Table 3.1 shows the nominal air breakdown field at 
various altitudes for a number of typical thunderstorm particle environments. 

It should be noted that not all altitudes shown in Table 3.1 are appropriate 
for each of the environments. For instance, the ice particles and snowflakes of Cases 
6-14 would not be expected below the freezing level in a thunderstorm. 
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Table 3.1 
Nominal Air Breakdown Field (MV/m) as a Function of Air Density and 

Particle Parameters 
(Note: Not All Air Densities Are Appropriate for Particular Particles) 

~ 

p = relative air density 

' Key to cases: 

1 - pure air 8 - r=50pL,n=105rn-3,fm,=5 
2 - r = 2.5 p, n = lO8m-3, fmax = 3 9 - r=500~r,n=lOsrn-3,f,,=5 
3 - r = IO p, n = 10h-3 ,  fmax = 3 10 - r = 50 p, n = 1 04m-3, f m a  = 9 
4 - r = 2.5 p, n = 109117-3, fmax = 3 11 - r=500p,n=lO4m-a,f,,=9 
5 - r = 10 p, n = 109m-3, fmax = 3 12 - r = 50 p, n = 105m-3, fmax = 9 
6 - r = 50 p, n = 104mq3, fmax = 5 13 - r = 500 p, n = 105m-3, fmax = 9 
7 - r = 500 p, n =104m-3, fmax = 5 14 - r = 1 c m , n = 1 0 0 m - ~ , f r n ~ = 9  

r = particle radius 
n = particle density 
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Although the contents of Table 3.1 are rather dull, they illustrate the principle 
that small particles do not significantly change the air breakdown field, even when 
present at high densities. Only the very largest particles with large enhancement 
factors, such as snowflakes, are able to change the breakdown field by more than 1%. 
Hence, if e x t r i c  fields everywhere in the cloud were equal, it is slightly more likely 
that regions having this type of particle will initiate lightning. However, the field 
variation throughout a typical cloud will certainly swamp the small selection effect 
toward large particles shown in Table 3.1, so in practice the large particle regions are 
probably no more or less likely to initiate lightning than any other regions. 

4.0 CHARGED PARTICLE CONSIDERATIONS 

The previous analysis assumed that the thunderstorm particles were 
uncharged. A net charge on the particles introduces several complicating factors. The 
total electric field around the particle can be represented as the sum of the field from 
the analysis of Section 2.1 and the field from the net charge. For spherical particles 
the field from the charge is just the well known field from a point charge. For more 
complicated shapes such as ice columns and snowflakes the field distribution 
becomes much more complex. For instance, for an ice column with a net charge the 
field is likely to be more characteristic of two point charges separated by the length of 
the column. For snowflakes sharp points are likely to behave a s  point charges, each 
comprising a fraction of the total charge. Hence the field from a net charge around a 
point where corona may occur may be roughly characterized as that around a point 
charge carrying a fraction of the total charge on the particle. That fraction may be 
estimated by the number of potential corona points on the particle: one for spheres, 
two for columns, and possibly six for undamaged snowflakes. 

The maximum total charge on the object is also a function of the type of 
particle and its size. Corona growth bleeds charge into the surrounding atmosphere 
when the total charge is large enough to produce air breakdown level fields around 
the particle. Clearly larger particles can hold larger charges, and spheres, because of 
their low enhancement factor, can hold larger charges than equally sized particles of 
other types. The upper limit on total charge for a particle is then the quantity which 
produces breakdown around a sphere of roughly equal size, as given below. 
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Here Eb is the breakdown field at the altitude of interest, and a the nominal radius of 
the particle. This is roughly 2 picocoulombs for a particle of radius 100 p at an altitude 
for which the air breakdown field is 1.5 megavolts per meter. 

The interaction of a net charge and an ambient field on the possible air 
breakdown around the particle is interesting. An uncharged particle has volumes of 
equal electric field levels on either side as was shown in Figure 2.1. When a net 
charge of either sign is placed on the particle, the field on one side of the particle is 
lowered and on the other side elevated. Qualitatively, this tends to suppress potential 
air breakdown on one side and enhance it on the other. While this effect reduces the 
net volume over which corona occurs by roughly a factor of two, the ambient field 
required to initiate corona on the enhanced side can be significantly reduced. This 
can be seen by writing down the total field component in the axial direction, in analogy 
with Equation 2.3. 

Here qf is the absolute value of the fraction of the total charge on the particle which 
contributes to the fieldvat the point in question. Unfortunately this expression is no 
longer a v e y  good approximation to the total field in the enhanced volume as in 
Equation 2.3, because of the spherical nature of the field from the charge. Because of 
this and the relatively complicated nature of Equation 4.2, a detailed analysis of the 
breakdown volume as was done in Section 2.1 is beyond the scope of this effort. 
However, a qualitative feel for the reduction in ambient field necessary to cause 
breakdown can be gained by investigating the maximum fields in Equation 4.2 in the 
cases of a particle with and without a net charge. The maximum field in each case 
occurs at 8 = 0, and r = a. Equation 4.2 becomes for this case, 

Emz” (a,o) = Eofmax + qr 
47teOa2 (4-3) 

Next assume that this maximum field is exactly the breakdown field Eb. The 
ambient field needed to produce this breakdown field is given by 
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Then the ratio of the necessary ambient field needed to produce a breakdown in the 
charged and uncharged case is given by, 

Hence, as one would expect, the reduction in ambient field necessary to produce air 
breakdown is linearly dependent on the net charge of the particle. 

This analysis, admittedly crude, can be used in conjunction with Table 3.1 to 
estimate the ambient field necessary to initiate lightning in a region of particles having 

net charge. 

5.0 EXPERIMENTAL INITIATION CRITERION 

In addition to the requirement that the absolute electric field magnitude 
exceed air breakdown in a volume for lightning initiation to occur, there is some 
experimental evidence, documented by Ruhnke [5], of a ceiling on the allowable field 
gradient. For field gradients above an absolute magnitude of 2.5 x 108 V/m2 only 
corona will occur and no spark or lightning leader will be initiated. Field gradients 
below this level allow the initiation of a spark which may grow into a full leader. It is 
therefore of interest to evaluate the expressions for the electric field distribution around 
thunderstorm particles to determine whether this criterion is satisfied. 

The expression for the axially oriented field around a particle was derived in 
Equation 4.2. 
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The largest electron avalanche and therefore the largest corona growth will occur at 
the point where the largest electric field exists. This is at the 8 = 0, r = a point. This is 

also the point at which the largest electric field gradient exists. Hence to satisfy the 
above criterion in the entire breakdown volume, it must be satisifed at this point. 

the radial derivative which is of most interest. This derivative is shown below. 
Because propagation of any potential spark will occur in the direction of the field, it is 

Evaluating this expression at the point of maximum field gives, 

Note here that Eo, qf, and f m a  all contribute in a linear fashion to the 
gradient. Hence particles with low net charges and small enhancement factors would 
appear to be more likely to satisfy the criterion. However, this is not really the case, 
because a decrease in qf on a particle results in a corresponding increase in Eo in 
order to achieve a field of breakdown magnitude. The same is true of fma .  Eo is not 
an independent variable in the equation. In effect Equation 5.3 can be evaluated with 
qf = 0, and fmax = 3 to set order of magnitude values for field gradients of typical 
thunderstorm particles. 

The size of the particle, a, enters Equation 5.3 in an inverse fashion. Hence 
larger particles are more likely to satisfy the maximum gradient criterion. Evaluating 
Equation 5.3 for the largest particles in Table 3.1 and for the breakdown fields given 
there shows that nowhere is the criterion satisfied. The closest approach occurs for 
Case 14 with relative air density .3, for which the gradient is 3.72 x 108 V/m? This is 

particle may exist which could sustain the spark discharge. 

* close enough to the experimental value that it is conceivable that an occasional larger 
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6.0 MULTIPLE PARTICLE EFFECTS 

The discussion of the last section was confined to the field distribution 
around single particles. It was found that it is relatively easy to produce breakdown 
fields around a typical thunderstorm particle, but only for the very largest particles is 
the criterion of maximum field gradient satisfied. However, if one allows the possibility 
of interacting particles, the situation becomes much more favorable for spark initiation. 
By interaction of particles is meant the close approach of two or more particles such 
that the field distributions around the particles are altered from what they would be in 
the individual particle case. In principle, by bringing two particles together closely 
enough, it is possible to achieve as low a field gradient as desired, while still 
maintaining breakdown field intensities. This allows the initiation of a spark between 
the particles. The problem is then to determine what happens to that spark when it 
attempts to propagate away from the two particle system. In effect what has been 
created by the spark between the two particles is a larger elongated particle which 
may have properties more conducive to the initiation of a real lightning leader. 

Systems of particles have not been investigated in detail in this study. To do 
so realistically requires the use of statistical descriptions of particle sizes, densities, 
and motions within a thundercloud. For the scenario described above, however, it 
may be possible to apply the analysis of Sections 2 and 3 to the multiple particle 
interactions. It may be possible to derive information on the density of interacting 
systems of particles necessary to produce a reduction in the ambient field needed to 
produce lightning initiation. This, along with measured and calculated data from 
actual thunderstorms, may allow a statistical prediction of the locations for lightning 
initiation in a cloud. 

7.0 SUMMARY 

In this report, the effect of thunderstorm particles on lightning initiation has 
been studied. The following major points may be summarized. 

(1) A model has been developed to roughly predict breakdown field as a 
function of particle size, shape, and density. 
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(2) The model has been applied to typical thunderstorm particle 
environments. The results show that only the largest particles may be 
expected to have much effect on the threshold initiation field. 

(3) The effect of net charge on the particles is to lower the effective 
breakdown field. It also makes the local corona breakdowns around 
particles one-sided. 

(4) An experimental criterion on electric field gradient has been applied to 
the fields around thunderstorm particles. Once again, only the largest 
particles were seen to satisfy this criterion. 

(5) Although interactions between particles were not investigated in detail, 
it is clear that close approaches between two or more particles more 
easily satisfy the two criteria on field magnitude and gradient for spark 
initiation. 

(6)  Statistical approaches are necessary to investigate the likelihood that 
particle systems are responsible for the initiation of lightning 
discharges. 
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